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ABSTRACT
The use of compound semiconductor heterostructures to create electron confinement has
enabled the highest frequency and lowest noise semiconductor electronics in existence. Modem
technology uses two-dimensional electron gasses and there is considerable interest to explore
one-dimensional electron confinement. This thesis develops the materials science toolkit needed
to fabricate, characterize, and control the compositional, structural and electronic properties of
core-shell GaAs/AlGaAs nanowires towards studying quasi-one-dimensional confinement and
developing high mobility electronics
First, nanowire growth kinetics were studied to optimize nanowire morphology.
Variations in nanowire diameter were eliminated by understanding the role Ga adatom diffusion
on sidewall deposition and vertical growth was enabled by understanding the importance of Ga
and As mass-transport to nanowire nucleation. These results demonstrate that arrays of
vertically-aligned GaAs nanowires can be produced. Then, the deposition of epitaxial AlGaAs
shells on GaAs nanowires was demonstrated. By reducing the nanowire aerial density the
stability of the nanowire geometry was maintained. A variety of analytical electron microscopy
techniques confirmed the shell deposition to be uniform, epitaxial, defect-free, and nearly atomic
sharp. These results demonstrate that core-shell nanowires possess a core-shell interface free of
many of the imperfections that lithographically-defined nanowires possess.
Finally, the adverse effect of the Au seed nanoparticle during n-type doping was
identified and n-type doping was achieved via the removal of the Au nanoparticle prior to
doping. A combination of energy dispersive X-ray spectroscopy, current-voltage, capacitance-
voltage, and Kelvin probe force microscopy demonstrated that if the Au seed nanoparticle is
present during the shell deposition, Au diffuses from the seed nanoparticle and creates a
rectifying IV behavior. A process was presented to remove the Au nanoparticle prior to shell
deposition and was shown to produce uniform n-type doping. The conductivity of GaAs/n-GaAs
nanowires was calculated as a function of donor concentration and geometric factors taking into
account the effects of Fermi level pinning. The control demonstrated over all of these parameters
is sufficient enough for core-shell nanowires to be considered candidates for high mobility
electronics.
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Chapter 1. Introduction and Motivation
Nanotechnology, the study and practical application of the unique properties of
the nanoscale, holds great promise for improved performance and novel functionality in
devices. One device that already utilizes the unique properties of the nanoscale is the
high electron mobility transistor. By confining electrons to two dimensions, transistors
with increased frequency response and lower noise have been produced and form the
foundation of modern mobile telecommunications. Recently demonstrated quasi-one-
dimension semiconductor structures, nanowires, may be able to confine electrons to one
dimension expanding current understanding of electronic conduction and provide a
platform for future high mobility devices. This thesis develops the materials science
toolkit needed to fabricate, characterize, and control the compositional, structural and
electronic properties of core-shell GaAs/AlGaAs nanowires towards studying quasi-one-
dimensional confinement and developing high mobility electronics
1.1 A problem with scientific and technological interest
Beginning with Richard Feynman's vision in 1959 [1] and bolstered by the
unprecedented scientific, technological, and societal advancements that the microelectronics
industry created, the notion of controlling matter down to the nanometer scale has generated
substantial interest from both scientists and technologists. For the scientist, nanostructures allow
the study of the atomistic mechanisms controlling materials properties in an unprecedented way.
For the engineer, nanostructures present the ultimate building blocks to create devices with
improved performance or novel functionality. This convergence of scientific and technological
interest has led many to predict that the study of materials at the nanometer scale, commonly
referred to as nanotechnology, is the next great frontier of scientific advancement and economic
growth [2].
The belief that a field with both scientific and technological interest is a breeding ground
for novel technology has precedent. Consider the development of the high electron mobility
transistor. Band theory predicts that creating a heterointerface between two materials with
different bandgaps creates an energy potential well. This energy well creates electron
confinement, which enhances carrier mobility by suppressing vibrational scattering mechanisms.
The belief that epitaxial heterostructures could lead to improved performance electronics
generated both scientific and technological interest. When the ability to epitaxially grow thin
films of GaAs/AlGaAs with exceptionally low defect densities was developed in the 1960's,
scientists were able to experimentally study the effect of reduced dimensionality on electron
conduction. They confirmed the presence of two-dimensional free electron gas (2D FEG) and
also found that the conduction band offset was able to trap free carriers from a doped layer many
tens of nanometers away from the heterointerface. This effect, known as modulation doping [3],
enabled a transistor with electron mobility twice that of its doped counterpart [4] creating
electronics with higher frequency response and lower noise than any other semiconductor
technology.
Nanotechnology may hold the key to continuing advancement in high mobility
electronics. To extend the study of reduced dimensionality on electron conduction from 2D to
1D requires the ability to produce quasi one-dimensional single crystalline heterostructures that
support transport of charge carriers along their length while maintaining nanoscale effects across
their diameter. This structure is referred to as a semiconductor nanowire.
1.2 The semiconductor nanowire for high mobility electronics
There exist two fundamentally different approaches to fabricate nanowires. The first
approach to producing nanowires is the top-down approach. Top-down nanowires are produced
by carving out a nanowire from a piece of bulk semiconductor material using lithography and
etching. This approach utilizes the mature fabrication technology of the semiconductor industry
allowing for easier integration with current CMOS technology. However, the top-down approach
suffers many of the same materials quality issues inherent to lithography and etching, such as
surface roughness and surface traps. Attempts to create one-dimensional conduction with top-
down nanowires failed because the surface roughness inherent to this fabrication method
produced additional scattering centers [5]. So while top-down nanowires may be useful for near-
term applications in integrated circuits [6], top-down nanowires are unsuitable as a platform for
continued advancement in high mobility electronics.
The second approach to producing nanowires is the bottom-up approach. Bottom-up
nanowires are produced by inducing single-crystalline semiconductor growth in a nanowire
shape. Since the nanowire structure is produced by epitaxial crystal growth, bottom-up
nanowires have shown heterointerfaces with the same crystalline quality as MODFETs both
perpendicular and parallel to the substrate orientation [7, 8]. As a result, bottom-up nanowires
are ideally suited as a platform to study the effect of reduced dimensionality of electron [9, 10]
and phonon [11, 12] conduction. There exist various methods to produce bottom-up nanowires
such as selective area epitaxy [13] and solution-liquid-solid growth [14], but the most widely
studied method is the Au-mediated vapor-liquid-solid (VLS) mechanism [15], which has been
shown to produce GaAs nanowires [16, 17] as well as proof-of-concept transistors [18-24], light
emitting diodes (LEDs) [25], lasers [26-28], and photovoltaics [29, 30].
Au-mediated VLS nanowire growth utilizes a seed Au nanoparticle as a preferential
decomposition site for gallium precursor and creates a driving force for the heterogeneous
nucleation of a quasi-one-dimensional single crystal of GaAs. The GaAs/AlGaAs material
system is an ideal system to study quasi-one-dimensional conduction since the GaAs/AlGaAs
system has only 0.13% misfit enabling heterointerfaces with low defect densities and bulk GaAs
exhibits electron mobilities as high as 8500 cm2/V-s at room temperature.
1.3 Outline of thesis topic and work
In order to study quasi-one-dimensional conduction in GaAs/AlGaAs nanowires towards
high mobility applications, a materials science toolkit is first needed to fabricate an appropriate
test structure. A method to produce GaAs nanowires must be demonstrated with control over
nanowire morphology and structure. Once GaAs nanowire growth is understood, the deposition
of an epitaxial AlGaAs shell deposition must be demonstrated. In order to ensure an epitaxial
heterointerface capable of producing quasi-one-dimensional confinement, the structural and
core-shell interfacial properties must be characterized and deemed to be free of imperfections
that add additional scattering centers. Finally, the electronic properties of core-shell nanowires
must be understood and methods devised to provide controllable doping.
Prior to this thesis work had been done to fabricate core-shell GaAs/AlGaAs nanowires,
however the morphology of these structures were not controlled, the nanowire structural and
core-shell interfacial properties were not known, and n-type doping in GaAs nanowires had not
been achieved [31-35]. This thesis studied the growth and properties of core-shell GaAs/AlGaAs
nanowire heterostructures and accomplished the following three objectives. First it demonstrated
the ability to fabricate uniform vertically-aligned GaAs/AlGaAs nanowires. Second, the
structural, compositional, and core-shell interfacial properties of GaAs/AlGaAs nanowires were
characterized and shown to be defect-free, uniform and nearly atomically sharp, respectively.
Third, the adverse effect of the Au seed nanoparticle was understood and overcome yielding
uniform n-type shell doped GaAs nanowires. This work creates the materials science toolkit to
use n-type doped core-shell GaAs/AlGaAs nanowires to study reduced dimensionality on
electronic conduction and develop core-shell nanowire electronics.
The thesis is organized in six chapters, as follows. Chapter 2 explains in detail the
experimental methods and protocols utilized to fabricate and characterize nanowires [36]. The
reader is directed to read this chapter if interested in the specific details of the experiments used
to prove the results presented in Chapters 3 through 5. Chapter 3 presents studies on fabricating
uniform vertically-aligned arrays of GaAs nanowires. The growth kinetics of nanowires were
understood and optimized to control nanowire morphology [37]. These results demonstrate that
arrays of vertically-align GaAs nanowires can be produced, making them viable candidates for
integrated device applications [38]. Chapter 4 presents studies exploring the deposition and
characterization of AlGaAs shells on GaAs nanowires. These results demonstrate that the
morphology, composition, and crystalline quality of core-shell nanowires can be controlled
precisely enough for applications in high mobility electronics [39]. Chapter 5 presents studies on
n-type doping via the deposition of a doped shell. These results highlighted the adverse effect of
the Au seed nanoparticle and demonstrated that doping can be achieved in radial heterostructures
[40]. Finally, Chapter 6 summarizes the results and provides insight and opinions on the future of
core-shell GaAs/AlGaAs nanowire research for high mobility applications.
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Chapter 2. Background & Experimental
The purpose of this chapter is to introduce the various experimental techniques
used in this thesis. First, the metal-organic chemical vapor deposition technique used for
the growth of nanowire is presented, including a discussion of reactor design and
reaction chemistry. Second, the electron microscopy techniques used to investigate the
structural, compositional, and core-shell interfacial properties core-shell nanowires are
presented. This includes a discussion of scanning electron microscopy, transmission
electron microscopy, scanning transmission electron microscopy, and energy dispersive
X-ray spectroscopy. Finally, the processing and measurement techniques used to
investigate the electrical properties of individual nanowires are presented, including a
discussion of depositing contacts on individual nanowires, electrical measurement
techniques, and Kelvin probe force microscopy.
2.1 Nanowire fabrication
As explained in Chapter 1 this thesis will study the epitaxial growth of bottom-up
GaAs/AlGaAs core-shell nanowires. Inducing epitaxial growth in the nanowire geometry has
two requirements. First, a substrate preparation process must be developed to only permit
nucleation and growth on predefined areas of a substrate. Second, growth conditions must be
engineered to create kinetic barriers to crystal growth in all but one direction. Two growth
mechanisms have been shown to produce epitaxial nanowires: metal-free selective area epitaxy
(SAE) and the metal nanoparticle mediated vapor-liquid-solid (VLS) growth mechanism.
SAE growth of GaAs nanowires was first reported by Fukui in 1991 [13]. The nucleation
sites are defined by creating nanoscale pores in a silicon dioxide mask atop a GaAs (11 1)B
substrate using lithography. The sample is then inserted into a metal-organic chemical vapor
deposition chamber and grown under carefully designed conditions to promote selective growth
in the <l11> direction. This method has been shown to produce uniform arrays of GaAs
nanowires and is a promising approach for future commercial devices based on GaAs nanowires.
However, SAE has not been shown able to produce nanowires with diameters less than 60 nm
[41] due to lack of clear facet formation at low diameters. This would prevent the study of
electron conduction at important quantum mechanical length scales.
To achieve smaller diameters, the use of a metal nanoparticle to seed the nanowire
growth is required. The VLS mechanism utilizes a metal nanoparticle to act as a gettering source
for the gallium and arsenic source material and the solubility limit of GaAs in the metal
nanoparticle to induce phase separation of the GaAs from the metal nanoparticle. This method
has been shown with CMOS compatible metals such as Mn [42], however nanowire growth
experiences kinking and structural defects. On the other hand, VLS nanowires grown using Au
as the seed nanoparticle have shown GaAs nanowire growth free of kinking and structural
defects [16], making it ideal for the fabrication of a test structure to study lower dimensional
conduction. If studies on Au-grown nanowires reveal that GaAs/AlGaAs nanowires may be
viable candidates for commercial applications, then nanowire growth using a CMOS-compatible
metal or SAE can be explored.
Nanowires have been demonstrated using a variety of growth systems including
conventional III-V growth techniques such metal-organic chemical vapor deposition (MOCVD)
[13] and molecular beam epitaxy [43]. For thin-film electronics, MBE is known to achieve
higher purity films and is commonly used to prototype a device, whereas metal-organic chemical
vapor deposition can achieve commercial-scale throughput and is used demonstrate process
scalability and compatibility with commercial techniques. It might seem logical to use MBE to
produce a test structure to study quasi-i D conduction. However, VLS nanowire growth requires
the creation of a kinetic barrier to growth in all but one direction. Since MOCVD growth
introduces reagent material in the form of chemical precursors, it allows for selective area
epitaxy since metal nanoparticles can act as a preferential decomposition and nucleation site for
precursor. MBE introduces reagent material in elemental form, which means that reagent
material can spontaneously react before reaching the Au nanoparticle. Hence MBE is less
desirable than MOCVD for VLS nanowire growth because it is less able to provide selective area
nucleation and growth.
Fabricating nanowires by the Au mediated VLS mechanism is a three-step process. First
GaAs wafers ready for epitaxial growth (epi-ready) were diced into smaller samples. To protect
the epi-ready surface of the GaAs, a protective layer of silicon dioxide was deposited by plasma
enhanced chemical vapor deposition prior to dicing. Once epi-ready die were prepared gold was
deposited to seed nanowire growth and this section describes the three methods utilized to
deposit Au nanoparticles: evaporation of a thin film, deposition of colloidal gold nanoparticles,
and galvanic reaction on a lithographic template. Once gold seed particles are on the substrate,
nanowire growth is conducted by metal-organic chemical vapor deposition (MOCVD). This
section presents an overview of MOCVD theory as well as the growth conditions used for core-
shell nanowire growth.
2.1.1 Preparation of GaAs substrates for nanoparticle deposition
Prior to further processing, GaAs substrates were coated with a layer of silicon dioxide
and polymer to protect the top surface. Wafers were then cut with a die saw into squares and
cleaned using solvents and oxygen plasma.
Nanowire growth substrates were prepared from 2" single-side polished GaAs wafers.
Both (100) and (11 1)B substrates were used. GaAs (11 1)B substrates were used for vertical
nanowire growth while GaAs (100) substrates were used since it is the orientation most often
used in commercial applications. Small samples of the substrate were cut by use of a diesaw. For
dicing, a 500nm thick protective silicon dioxide layer was deposited at 250*C using a Surface
Technology Systems plasma-enhanced chemical vapor deposition reactor. This layer ensured
that no organic material or particulate matter came into contact with the polished surface. A
second protective layer of PMMA A4 resist, was spin coated at 3000 rpm and soft baked on a
hotplate at 180'C for 1.5 min. The final layer thickness was 400 nm. The resist was deposited to
ensure the wafers did not cleave during dicing. Individual die were then cut 8mm by 8mm using
a Disco Abrasive System Model DAD-2H/6T diesaw.
Prior to nanoparticle deposition, the substrates underwent cleaning to remove any organic
contamination. The substrates underwent a 3-solvent cleaning procedure, followed by oxygen
plasma cleaning. The 3-solvent clean consisted of ultrasonic cleaning in a bath of acetone (99.5%
purity), methyl alcohol (99.8% purity), and then isopropyl alcohol (IPA) (99.5% purity) each for
10 min. After cleaning in isopropyl alcohol, the samples were blown dry in a nitrogen stream
(99.9% purity). As a final clean, a Plasmod 4" barrel oxygen plasma cleaner operating at 100 W
was used to clean the substrates for 10 min. Nanoparticle deposition took place within 30 min of
plasma cleaning.
Substrates to be patterned by electron beam lithography were spin coated with PMMA
950K (1 wt% in anisole) purchased from Microchem, then soft baked on 180'C hotplate for 3
min before exposure. The thickness of the coated PMMA was about 50 nm measured by a KLA-
Tencor P10 profilometer. The substrates were exposed on a Raith-150 scanning electron beam
lithography (EBL) system at an accelerating voltage of 30 kV with a dot dose of 0.04 pA-s-cm-2.
The PMMA was developed in methylisobutylketone (50% in IPA) for 30 s at 21'C and
then rinsed in IPA for 30 s. Lift-off was performed by immersing the samples in a 1,2-
dichloroethane (DCE) solution [44] followed by 10 min of 02 plasma cleaning in a Plasmod 4"
barrel oxygen plasma cleaner operating at 100W.
2.1.2 Deposition of gold on GaAs substrates
As mentioned above, gold was deposited by one of three methods: colloidal solution, thin
film, or electron beam lithography with galvanic displacement. For deposition from colloidal
solution, the surfaces of the GaAs growth substrates were made hydrophilic by deposition of
poly-l-lysine solution (40mL). After 10 min, the substrates were then gently rinsed in stream of
deionized (DI) water and dried in a stream of nitrogen (99.9% pure). Next, 40 mL of
commercially available colloidal gold solution with diameters ranging from 5 - 100 nm was
dropped onto the substrate surface. The colloidal solution was left on the substrate for 5 - 20 min
to allow the colloids to precipitate on the substrate surface. The sample was then gently rinsed in
stream of DI water and then gently blown dry in a stream of nitrogen gun (99.9% pure). For thin
film gold deposition the GaAs growth substrates were inserted into a Sloan 8 kV electron beam
evaporator. A thin film of gold was deposited at a background pressure of 3 x 10-6 torr and a
deposition rate of 1A/s and the final film thickness was 0.6 - 3.0 nm.
Finally for the galvanic displacement deposition, the Au+3 solutions were prepared by
dissolving hydrogen tetrachloroaurate (1II) trihydrate into deionized water. Prior to the galvanic
reaction, the substrates were immersed in a 2% (v/v) aqueous hydrofluoric acid (HF) solution for
5 min to remove the native oxide layer. The growth substrates were patterned to provide
diameter- and position-controlled deposition of Au nanoparticles. The patterned GaAs 111 [B]
substrates were patterned by EBL and then immersed in Au+3 solution of 5x 10-5 M for reaction
time of 20 min.
The reaction is shown in Figure 2-1. Au+3 ions diffuse to the surface of the GaAs
substrate due to the concentration equilibrium effect. Once the Au*3 ions contact the surface
directly, a spontaneous reduction occurs due to the difference in the standard reduction potential
(the Au+3 /Au pair, 1.42 V versus a normal hydrogen electrode (NHE), is higher than those of
Ga+3 /Ga, -0.56 V versus NHE, and the As*3/As pairs, 0.234 V versus NHE) [45]. The Au* 3 ions
receive reducing electrons from the bonding electrons of the GaAs substrate (valence band) [46]
forming Au nanoparticles and producing gallium and arsenic oxide on the surface of the GaAs
substrate. After the reaction, all the samples were thoroughly washed by DI water to remove the
residual Au+3 ions.
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Figure 2-1: The galvanic reaction to deposit Au on GaAs. 1) A patterned substrate is immersed
in Au+3 solution. 2) Au.3 ions replace Ga+3 and As+ 3 ions producing oxides. 3) PMMA is
removed. 4) GaAs nanowires are grown by MOCVD
2.1.3 Metal-organic chemical vapor deposition
Metal-organic chemical vapor deposition is the commercial standard for epitaxial growth
of single crystalline III-V semiconductors. It is highly scalable and capable of very high
throughput, unlike molecular beam epitaxy, and offers greater control over composition and
purity than other methods such as hydride chemical vapor deposition or liquid phase deposition.
Complete descriptions of MOCVD can be found elsewhere [47]. What follows is a general
description of MOCVD operation and the key concepts required to understand the work
presented in this thesis.
The process operates by introducing the growth elements from the vapor phase within a
chemical compound known as a precursor. A combination of thermodynamics and fluid
dynamics creates a chemical potential difference that drives the precursors to the growth surface.
Once there, a series of decomposition and deposition reactions occur. These reactions break
down the precursor yielding the growth element, out-react the decomposition reaction by-
products, and drive the crystal growth of the semiconductor material.
A metal-organic chemical vapor deposition reactor consists of two major subsystems: a
gas delivery system and a reaction chamber. Each of the two subsystems independently controls
one of the two primary process parameters of the growth. The gas delivery controls the partial
pressure of the reagent gasses. This correlates directly to the amount of reagent supplied to the
reactions. The reaction chamber controls the reaction temperature, which directly affects the
reaction rates.
The gas delivery system is a network of valves and mass flow controllers designed to
create a controlled mixture of carrier and precursor gasses flowing into the reaction chamber.
Each precursor gas supplies an element of the material to be deposited contained within a
chemical compound. The carrier gas is a constant flow of gas not containing a deposition
material. The carrier gas stabilizes the flow of the gas mixture as the flow rate of the carrier gas
is always greater than one hundred times the total flow of the precursors and kept constant
throughout the process.
The reaction chamber is a heated chamber where the precursor gasses decompose and
deposit material on the samples. In this thesis a horizontal reactor, as shown in Figure 2-2, was
used. The chamber and all of its components are made from single crystalline quartz to operate at
temperatures up to 8000C. The input gas is delivered from the gas delivery system into the
reactor. The inlet is designed to ensure the flow of gas is laminar and evenly distributed over the
chamber. The samples are placed atop a graphite susceptor, which is indirectly heated by infrared
lamps. The susceptor, with a much larger thermal mass than the samples', ensures the
temperature of the samples stays uniform. The indirect heating ensures that only the graphite
susceptor is directly heated while the quartz chamber is not. This is known as a "cold-wall"
configuration and is designed to ensure that the precursors primarily diffuse to and decompose
on the samples and not on the quartz chamber.
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Figure 2-2: a) Schematic of MOCVD reaction chamber. b) Picture of chamber during operation.
The deposition of material by MOCVD occurs via two distinct types of reactions:
decomposition and deposition. The reactions for GaAs are shown in Equation (2- 1).
Ga(CH,), + AsH, H2 >Ga+As+3H+3CH3  > GaAs+3CH4  (2-1)
The first reaction is the decomposition of the precursors to yield the desired deposition
element. It should be noted that many sub-reactions occur and the decomposition reactions
produce by-products that must diffuse away. Both of these facts can affect the growth kinetics of
nanowires [48]. The second reaction is the deposition of material; this reaction is simply the
elements supplied by the precursor incorporating into the lattice of the substrate. In this thesis,
the composition of all deposition materials can be generalized as AlxGaixAs:Siy where x is the
percentage of aluminum in the AlGaAs alloy and y is the doping level of silicon in the AlGaAs
alloy.
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Figure 2-3: Schematic showing the various kinetic steps in MOCVD growth. Steps in blue are
categorized as gas-phase mass transport limited steps and steps in red are categorized as
kinetically-limited steps. Adapted from [49]
Understanding how growth conditions will effect the composition of the material
produced requires an understanding of the reaction kinetics. In general, there are a variety of
different kinetic steps that occur in this process, as shown in Figure 2-3. The slowest one is
referred to as the "rate-limiting step" and determines the overall reaction rate. These steps can be
divided into two categories. The first category is gas-phase mass-transport, which includes the
diffusion of precursor to the sample, the adsorption of the precursor onto the surface, the
desorption of reaction by-products, and the out-diffusion of reaction by-products. If the rate
limiting step is a gas-phase mass-transport step, then the parameters x and y in are determined by
the relative flow rates of the precursor gasses and the total growth rate is determine by the total
flow rate. The second category of kinetic steps is referred to as reaction steps, which includes
precursor decomposition, material deposition, and the out-reaction of by-products. If the rate
limiting step is a reaction step, then the parameters x and y as well as the growth rate are
determined by the growth temperature. Since the temperature typically determines the
crystallinity of the deposition material, it is undesirable to have a reaction step be the rate-
limiting step. MOCVD reactors are typically designed to operate such that a gas-phase mass
transport step is the rate-limiting step.
2.1.4 Growth of core-shell nanowires by MOCVD
In this thesis, a Thomas Swan CS6320 atmospheric-pressure cold-walled, horizontal flow
metal-organic chemical vapor deposition reactor was utilized. The precursors used for gallium,
aluminum, arsenic, and silicon were trimethyl gallium (TMGa), trimethyl aluminium (TMAl),
arsine (AsH3), and silane (SiH4), respectively. The carrier gas was H2 at a flow of 15 standard
liters per minute.
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The temperature and flow profile of a typical core-shell nanowire growth is shown in
Figure 2-4. The substrates were heated to 600'C, and annealed in AsH3 for 10 min to allow the
nanoparticles to form, alloy with the GaAs substrate, and create a eutectic Au-Ga liquid.
Annealing also removed any organic residue on the surface of the substrate. Flow of AsH 3 was
engaged as soon as the sample reached 350'C to prevent desorption of arsenic from the surface
of the GaAs substrate. After annealing, nanowire growth by the vapor-liquid-solid (VLS)
mechanism [15] was initiated by cooling the substrate to 420-480'C and introducing TMGa
flow. The TMGa flow was maintained for 5 - 20 min, yielding nanowires 5 - 20 prm in length.
After NW growth, epitaxial shell deposition by the VS mechanism was initiated heating the
substrates to a temperature in the range of 650'C - 750'C and introducing the desired Group III
and Group IV precursors. The Group III and IV precursor flow was maintained for 1.5 - 8 min
resulting in shells 20 - 200nm thick. Lastly, the substrates were cooled to room temperature.
AsH 3 flow was disengaged when the samples were cooled below 350*C to prevent arsenic out-
gassing [50].
2.2 Electron microscopy characterization
Electron microscopy (EM) is a standard technique for microstructural and compositional
analysis of single-crystalline materials [51]. EM describes a variety of imaging and analysis
techniques produced by bombarding a sample with a beam of electrons and collecting the
electrons and electromagnetic radiation that are transmitted through, diffracted by, or emitted
from the sample. Bombarding a sample with a beam of electrons produces a number of signals
that are shown in Figure 2-5.
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Figure 2-5: Schematic of the various signals that can be produced and collected in an electron
microscope. All images have scale bar equal to 100nm. Adapted from [52].
2.2.1 Electron microscopy sample preparation
Scanning electron microscopy (SEM) required no preparation before imaging. Two types
of transmission electron microscopy (TEM) were prepared: planview and cross-sectional.
Planview samples were used to investigate the properties individual nanowires as they varied
across the length of the nanowire. Cross-sectional samples were used to investigate the properties
of individual nanowires as they varied within the nanowire cross-section.
Planview samples were prepared, as shown in Figure 2-6, by immersing the as-grown
GaAs substrates into 50-100 p.L of ethanol in a vial. The volume was set so that there was just
enough ethanol to fully immerse the substrate and ensure that the nanowire density in the
solution was as high as possible. The vial was immersed into a Crest 175DA ultrasonic cleaner
for 10 s. To ensure that the sonication did not break the nanowires, the power of the ultrasonics
was kept below 5W. To ensure that nanowires were suspended in the solution. A small droplet of
solution was dropped onto a glass slide to verify the presence of nanowires in the suspension. In
a Nikon Eclipse LV 100 optical microscope, nanowires appear as iridescent rods in dark field
mode at a magnification of 500 or greater. Once optical microscopy confirmed the presence of
nanowires in suspension, TEM samples were prepared by depositing a 2 pL droplet of solution
onto lacey carbon/formvar TEM grids (Ted Pella 1881-F), then drying in air for 5 min. To
increase the density of nanowires on the TEM grid, 5 - 20 droplets of nanowire solution were
typically dropped.
Cross-sectional samples were prepared using a three-step process (Figure 2-6): 1)
Nanowires were transferred to a plastic coverslip by rubbing the coverslip onto the substrate, 2)
The cover slip was embedded in epoxy pre-molds, and 3) The cross-sections were sliced with a
diamond knife using a microtome.
Epoxy premolds were made using Eponate- 12 epoxy, purchased from Ted Pella. The
epoxy was prepared by mixing proprietary Eponate 12 resin (49.9% by mass), double distilled
docecenyl succinic anhydride (DDSA) (14.8% by mass), n-methyl anhydride (NMA) (32.6% by
mass), and benzyldimethylamine (BDMA) (2.7% by mass) in a fume hood for five min. The
epoxy was then poured into a mold so that each mold was half-filled. The molds were baked for
18 hours at 60'C, until solid.
Thermonox plastic coverslips, purchased from Ted Pella, were sliced 2 mm by 1 cm long
using a pair of scissors. An as-grown substrate was affixed to a horizontal surface using double-
sided carbon tape. Using a pair of tweezers, the coverslip was rubbed across the surface in a
uniform direction. Multiple strokes were made to increase the density of nanowires on the
coverslip. The coverslips were then placed on top of the epoxy premold, with care taken to
assure that the edge of the coverslip was perfectly perpendicular to the edge of the premold. This
process ensures that the nanowires, which lie in the plane of the coverslip oriented along the
direction of rubbing, will be perpendicular to the diamond blade during microtomy. A second
batch of the epoxy, prepared exactly as the premold was prepared and deposited on top of the
coverslips. The samples were cured again for another 18 hours at 60'C.
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Figure 2-6: Schematic showing the preparation process for plan-view and cross-section nanowire
TEM samples.
After curing the samples were trimmed to a trapezoidal shape using either a razor blade
or a glass knife. The samples were sliced with a target thickness of 75 nm using a Leica UCT
Microtome and a Diatome Histo diamond blade. Slices were transferred onto TEM grids by
immersing the TEM grid into the water bath. The end results are microtome slices resting on top
of a TEM grid.
2.2.2 Scanning electron microscopy theory and techniques
Scanning electron microscopy (SEM) was utilized for imaging the morphology of as-
grown nanowire samples. In a scanning electron microscope, an electron beam accelerated
through a voltage of 0.1 - 50 kV is irradiated on a bulk samples. The beam interacts with the
sample producing secondary electrons, which are collected for imaging. SEM was conducted
using a JEOL 6320FV SEM with a LaB 6 thermal field emission gun. Imaging was performed at
an accelerating voltage of 5 kV using a JEOL ORION charge-coupled device (CCD) camera.
The only post-processing of digital images was adjustment of levels and the gamma factor.
Under these conditions a maximum resolution less than 2 nm could be achieved1 . To enable high
resolution SEM imaging, all nanowires were grown on degenerately doped substrates.
Nanowire height could be determined from tilted SEM images by measuring the apparent
height, happarent, and calculating the real height, h, from h = happarent/sin(6). The diameter
distribution and aerial density of gold nanoparticles was quantitatively determined from SEM
images built-in functions of using ImageJ software.
2.2.3 Transmission Electron Microscopy
In transmission electron microscope (TEM) an electron beam is irradiated on a sample
less than 500 nm thick. Since the electron beam is accelerated through a voltage of 80 -1000 kV,
the impinging electrons are accelerated to a speed of 50 - 95% of the speed of light according to
special relativity [53], so the majority of electrons penetrate through the sample. However, some
electrons will by scattered by the sample and spatially-dependant variations in electron scattering
create the contrast that is used to form TEM images. Images in TEM are formed by a
combination of three contrast mechanisms: mass-thickness, diffraction, and phase contrast [51].
These contrast mechanisms and their applications to characterizing nanowires will be discussed.
In addition, the electron beam generates X-rays, which can be used for compositional analysis in
energy dispersive X-ray spectroscopy. This method will be discussed in the next section.
1 Measured by Michael Frongillo of the CMSE Electron Microscopy Shared Experimental Facility.
Bright field transmission electron microscopy
Bright-field TEM allows imaging the morphology of samples with a resolution of less
than one nanometer. In this mode there are two primary contrast mechanisms: mass-thickness
contrast and diffraction contrast. Mass-thickness contrast is based on the principle that the
number of electrons scattered by the sample will increase with increasing mass or thickness of
the sample. As a result, heavier and thicker regions of the sample will appear darker in bright
field imaging.
Crystallographic defects can be imaged using diffraction contrast. Given that electrons
exhibit wave-particle duality, the electron can be considered to behave like a wave with a
characteristic wavelength of 0.00251 nm at 200 kV. In a perfect crystal with uniform mass and
thickness the electron scattering is uniform across the sample, hence the sample appears uniform.
However, a structural imperfection such as a dislocation, twin plane or stacking fault will create
a diffraction plane for the electrons. The presence of this diffraction plane will create a variation
of the scattering profile of the sample, which is referred to as diffraction contrast. Determining
the properties of structural defects requires a more in-depth TEM analysis known as "two-beam
analysis" and the Howie-Whelan equations [51].
Transmission electron microscopy was performed using a JEOL 201 OF field emission
TEM operated at 200 kV and equipped with a thermal field emission gun and Gatan Orius CCD
camera Model 831 SC600. The only post-processing of digital images was adjustment of levels
and the gamma factor. Since nanowire growth was optimized towards eliminating structural
defects, the only information required was whether a sample possessed structural defects or not.
Therefore, samples were simply imaged by bright-field TEM over a variety of tilt angles and the
presence of defects was noted.
High resolution transmission electron microscopy
Resolving atomic columns can be achieved using phase contrast. As the electron beam
passes through a sample, interactions with the sample will shift the phases of the electrons' wave
functions. If the sample is randomly oriented, these phase shift are sporadic and average
themselves out. However, if the specimen is tilted onto an axis of high symmetry such that the
beam impinges parallel to the atomic columns (called a zone axis), and then the interaction of the
beam with atomic columns will result in uniform phase shifts that correspond with the lattice
spacing of the crystal. The net effect is an apparent image of the atomic columns. It should be
noted that since there can be many sources of phase contrast in a crystal and the in microscope
itself, lattice-resolved images produced by phase-contrast images require comparison with
simulation for quantitative interpretation. Nevertheless, phase contrast images can provide useful
qualitative information about the crystalline structure without the use of simulation.
Lattice-resolved phase contrast images, commonly referred to as high resolution (HR)
images, were imaged in the same microscope and imaging conditions as bright field TEM with
the following exceptions. HR images were produced by tilting a sample onto a zone axis using a
double-tilted TEM sample holder. For plan view and cross-sectional samples, the <110> and
<111> zone axes were used. The zone axis was found by centering the high symmetry nexus of
the Kikuchi pattern.
Scanning Transmission Electron Microscopy
Scanning transmission electron microscopy (STEM) is technique complimentary to
transmission electron microscopy that allows for the imaging of thin specimens by use of an
electron beam transmitting through the sample. The key difference between STEM and TEM is
the shape of the beam utilized in the imaging. TEM creates a parallel beam of electrons that
circumscribes the sample. Since different electrons impinge on different parts of the sample,
different electrons experience different scattering and phase shifting, which creates the image
contrast. In STEM, the electron beam is converged to a single point and scanned over the surface
so all electrons impinge at the same point on the sample. As a result, STEM images are directly
interpretable, because phase and diffraction do not contribute significantly to image formation.
However, in STEM the resolution is determine by the size of the converged beam, which is
determined by the spherical aberration of the condenser lenses. Atomic resolution in STEM
requires the use of a spherical aberration corrector, whereas atomic resolution can be achieved in
HR TEM without the use of aberration correction.
Atomically-resolved STEM enables simultaneous chemical and lattice contrast. Utilizing
high angles in dark field STEM increases the chemical contrast. This technique is referred to as
high angular annular dark field (HAADF) STEM. It is also more commonly referred to a Z-
contrast STEM, due to its acute chemical contrast. Lattice resolved images of nanowire cross-
sectional samples were taken using a JEOL 2220FS aberration-corrected microscope with a
CEOS aberration corrector at the Oak Ridge National Laboratories. The sample was irradiated by
a spread beam for 30 min to desorb any residual hydrocarbons on the sample, then tilted onto the
nanowire's <1I1> zone axis using the corresponding Kikuchi pattern to collect lattice-resolved
HAADF STEM images. It should be noted that the cross-sectional method presented involved
embedding the nanowires into an insulting material. This makes the sample susceptible to
charging effects, particularly at high magnifications where a lot of charge is concentrated on the
sample.
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Figure 2-7: HAADF STEM images and corresponding Fourier transforms taken on the same
sample a) with and b) without carbon coating.
Images were recorded using less than a 5 s exposure time; however charging still can be
seen in the image, particularly the image Fourier transform (FT), as seen in Figure 2-7. After
imaging the sample was removed from the microscope and then coated with conductive carbon
coating. The samples were reimaged in the same location by the same procedure as above. In
these images the Z-contrast is distorted by the carbon coating, but there is no charging, as can be
seen in the corresponding FT. Using these two imaging methods, uncoated samples were used to
demonstrate the sharp compositional contrast, while FTs of images of the carbon coated samples
were used to demonstrate the crystal structure [38].
2.2.4 Energy Dispersive X-Ray Spectroscopy
The X-rays were utilized for compositional analysis in energy dispersive X-ray
spectroscopy (EDX). When a high energy electron interacts with the inner core electrons of an
atom, inner core electrons get promoted to higher energy states and then relax emitting an X-ray
characteristic of the specific transition. Since the emission is caused by the core electrons and not
the conduction band electrons, the X-ray emission is determined strictly by atomic percentage
and not the bonding states of the material. This makes EDX a robust technique for compositional
analysis. Its accuracy is limited the presence of X-rays not generated by the sample. In an EM,
when electron lenses redirect the electron beam, the deceleration of the electron beam generates
an X-ray signal referred to as Brehmsstrahlung (braking radiation). As a result of the background
radiation from Brehmstrahlung as well as possible X-ray reabsorption in the material, the
accuracy of a composition as determined by EDX was taken to be 1-2% depending on imaging
conditions. Chemical analysis was performed in a JEOL 2010F field emission TEM and a VG
HB603 STEM. Both instruments were operated in STEM mode and equipped by an INCA
XSight silicon lithium X-ray detector.
2.3 Nanowire Electrical Characterization
Characterization of the electrical properties required depositing nanowires from ethanol
suspension onto pre-patterned grids. Grids were produced as a batch process on 4" silicon wafers
using optical lithography and liftoff. Once deposited on grids, the locations of the nanowires
were mapped using optical microscopy and custom mapping software. Characterization was
conducted by either depositing Ohmic NiGeAu contacts using aligned e-beam lithography and
liftoff or the surface potential of the nanowires was probe using Kelvin probe force microscopy.
2.3.1 Preparation of characterization grids
Thermally oxidized (200nm) 4" degenerately doped n-type silicon wafers were used to
produce grids. First, the layer of oxide on the back of the wafer, the back-oxide, was removed to
ensure a grounding connection to the sample holders for e-beam lithography and electrical
characterization. To remove the back-oxide, a layer of AZ5214 photoresist 1Im thick was
deposited and cured in a convection oven for 30 min at 90'C. Next, the samples were immersed
in a diluted solution of buffered oxide for 10 min to remove the back oxide. After etching, the
wafers were inspected by ensuring that their back surfaces were hydrophobic using a DI water
jet. The protective resist was removed by immersion in acetone (99.5% purity) for 2 min,
followed by a rinse in methyl alcohol (99.8% purity), then IPA (99.5% purity). Samples were
dried in a flow nitrogen (99.9% purity), then cleaned in a Matrix 106 Plasma Asher operating at
1000W for 5 min.
With the back-oxide removed, the grid pattern could be written on the wafers to
determine the position of the nanowires. The wafers were coated with AZ5214 resist spin coated
at 4000 rpm, then baked in a convection oven for 30 min at 90'C. The wafers were then aligned
to a mask and exposed using an EVI mask aligner for 1.6 s. After initial exposure, the wafers
were baked on a metal slab in a 120*C convection oven for 1.5 min. To reverse the image, the
wafers were exposed without a mask using an EVI mask aligner for 60 s. With the lithography
complete, the wafers were developed by immersing in MIF 422 developer for 2.5 min, and then
being blown dry in a DI water stream. Wafers were inspected using a fluorescent microscope to
ensure the pattern was fully developed. If fully developed, the wafers were then inserted into a
Temescal FC2000 electron beam evaporator. A stack of Ti/Au (10nm/40nm) was deposited at a
base pressure of 3x 10-6 torr and a deposition rate of 1A/s. Liftoff occurred in bath of n-methyl
pyrrodine heated to 120'C. The wafers were immersed for 20 min or until the metal appeared
entire removed. Wafers were then rinsed in a DI water stream and blown dry in a nitrogen stream
(99.9% purity).
Once the pattern was defined, the wafers were then diced for individual usage. A
protective layer of OCG was applied at 4000 rpm to protect the top surfaces of the wafers. The
wafers were then diced into 8 mm x 8 mm die using a Disco Abrasive System Model DAD-
2H/6T diesaw. Individual die were screening using optical microscopy. A 4" wafer with 116 die
yielded approximately 70 passable die.
2.3.2 Fabrication of contacts on individual nanowires
Nanowires were electrically characterized by depositing nanowires from ethanol
suspension onto predefined grids, then defining contacts using electron beam lithography and
electron beam evaporation. This process consisted of three distinct steps: nanowires were
deposited from solution onto grids, nanowires were mapped onto a pattern file, and contacts were
defined and deposited.
Nanowire suspension was prepared by the same process described in section 2.2.1. The
desired density of nanowires on the glass droplet was 20 - 100 NWs-mm 2 . If the density was
low, multiple drops would be deposited. If the density was too high, an in-situ dilution method
was utilized. First a droplet of pure ethanol, with volume x was deposited on the sample. Then a
droplet of volume y was dropped immediately after. The volumes x and y were chosen to satisfy
the following equations:
x = (5 pL) x Pdesired , y = (5 pL)-x (2-2)
Pactual
After NW deposition, the samples were gently rinsed in an IPA stream, and then blown
dry in a nitrogen stream (99.9% purity). Any residual organic contamination was removed by
cleaning in a Plasmod 4" barrel oxygen plasma cleaner operating at 100W for 10 min.2 Within
30 min of plasma cleaning, a bilayer electron beam resist was spin coated on the sample. First, a
layer of PMMA 950K copolymer 11 wt% in ethyl lactate (hereafter referred to as MMA) was
spin coated at a speed of 4000 rpm for 55 s to produce a layer 400 nm thick. To prevent the
centrifugal force of the spin coating from removing the deposited nanowires, the resist was
dynamically dispensed at 500 rpm, then accelerated to 4000 rpm at a ramp speed of 500 rpm per
2 Published reports suggest this will form a layer of gallium oxide no more than 4nm [54], however the presence of
an oxide layer has shown no effect on the contacts. This is likely due to the contact annealing step.
second. To cure the MMA, the sample was baked on a hotplate at 150'C for 1.5 min. Next,
PMMA 950K 2% (wt) in anisole, purchased from Microchem, was spin coated at 5000 rpm to
produce a layer 90nm thick. To promote uniformity, the resist was dynamically dispensed at 500
rpm. To cure the PMMA, the sample was baked on a hotplate at 180'C for 3 min.
The locations of the nanowires were determined by recording optical images of the
nanowires on the grid and the grid markers by optical microscopy at a magnification of 1000.
From these images, we can measure the (xy) positions of the nanowires and calculate the
corresponding (u,v) co-ordinated for the lithography design file. The images were then imported
into a custom mapping program. This program determined the (u,v) co-ordinates of the ends of
the nanowires in relation to the grid markers. The program calculates the co-ordinates of the
nanowire using the following equations.
UNW = UTL + S X [xNW - XTL )cOS(O) - (YNW - YTL )sin(9)] (2-3)
VNW = VTL + s x [(xW - xTL) sin(O) + (YNW - YTL ) cos(9)]
Here the (uNW,vNw) are the co-ordinates in the CAD file for a point on the nanowire.
Typically the locations of both nanowire ends were recorded. The co-ordinates (uTL,vTL) are the
location of the reference point on the top left grid marker in the image. Similarly the co-ordinates
(xNw,yNw) and (xm,yTL) are the co-ordinates of the nanowire and the top left grid marker in the
image co-ordinate system, typically in units of pixels. The factors s and 0 are the scale factor and
rotational angle between the image co-ordinate system and the CAD file co-ordinate system,
which are calculated as
V((xTL -XBR) 2 +((YTL YBR)
5 0,F2 pIm (2-4)
0=arctan YTL BR _
XTL--XBR 4
Here, the co-ordinates (xBRyBR) is the location of the reference point on the bottom right
grid marker in the image. An example CAD file is included in Appendix A. To define the
contacts, the samples were inserted into a Raith 150 electron beam lithography system. The write
-2was conducted using an accelerating voltage of 30 kV and an exposure dose of 150 pA-s-cm-
After exposure the samples are developed in methyl-isobutylketone (33% in IPA) for 90 s, and
then rinsed in IPA for 30 s to cease development.
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Figure 2-8: Schematic of contacting process showing sonication of nanowires into suspension,
deposition of nanowires on the grid, and deposition of contacts.
After acid cleaning, the samples were baked on a hotplate at 105'C for 90 s to desorb any
residual water vapor. The samples were immediately inserted into the chamber of a Sloan 8 kV
electron beam evaporator with a base pressure less than 3 x 10-6 torr. As an Ohmic contact to
GaAs, a Ni/Ge/Au/Ge/Au was deposited. The nickel and germanium layers were deposited at a
rate of 1 A-s- to a final thickness of 250 A. The gold layers were deposited at a rate of rate of 2
A-s' to a final thickness of 1500 A. After metal deposition, liftoff was conducted in a bath of n-
methyl pyridine (NMP) overnight. Immediately upon removal from the NMP bath, the samples
were rinsed in an acetone, methyl alcohol, IPA, and then nitrogen stream (99.9% purity) until all
metal was removed. The contacts were then annealed using an AG Associates Heatpulse 410
rapid thermal annealer (RTA) at 420'C for 30 sec.
2.3.3 Electrical characterization
The completed device was loaded in a Cascade probe station connected to an Agilent
4155c parameter analyzer. Two-probe DC measurements were conducted utilizing an applied
voltage sweeped from -2.5 V to 2.5 V with a 25 pV voltage step and a 0.1 ms integration time. In
order to accurately determine the resistivity of a sample, one must be able to distinguish the
resistance of the specimen (R) from the resistance of the contacts (Rc). This is not possible in a
two-point measurement, as evidenced when examining its equivalent circuit. The measured
resistance, found by calculating dV/dI, is equal to R + 2Rc. From this, it is impossible to
distinguish R and Rc since there is only one equation and two variables. Therefore, accurate
measurement of resistivity must be carefully designed to eliminate the contacts resistance from
the measurement.
Measuring the resistivity of a thin film
In this thesis, the deposition of doped layers was used as a control sample for deposition
of a doped shell on the sidewalls of a nanowire. To do so, the sheet resistances of these samples
were determined by the accepted Van der Pauw method [55].
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Figure 2-9: a) Schematic of thin film sheet resistance measurement using the Van der Pauw
method. b) Expected IV curve
As illustrated in Figure 2-9, four Ohmic NiGeAu contacts were deposited on the corners
of the sample. Two contacts were connected to a current source and the other two contacts were
connected to a voltage source. Resistance measurements were made by varying the current and,
subsequently, measuring the voltage difference. The measured resistance RABCD = dVAB/dIcD. The
sample was then rotated 90' and the measurement were retaken. In this case the resistance
measured was RBCDA. These two resistances were inserted into the Van der Pauw equation (2-5)
and the sheet resistance, Rs, was determined. This equation holds true regardless of the sample
shape to provide an accurate determination of the sheet resistance.
-'dABCD - "TBCDA
e Rs + e Rs =1 (2-5)
Measuring the resistivity of a nanowire
The resistance of individual nanowires can be found by measuring the direct current I-V
curve of nanowires. However, care must be taken to assure that the measured resistance is that of
the sample, and not of the contacts. In this section, different methods for measuring nanowire
resistance are presented and their relative accuracy discussed.
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Figure 2-10: a) Schematic of nanowire two-point measurement. b) Expected IV curve and
physical meaning of measured resistance
The simplest approach to measuring the resistance of a nanowire is to contact it at two
points, introduce a current flow across the wire and measure the resulting voltage, as illustrated
in Figure 2-10. However, the measured resistance is not the true resistance of the nanowire.
Current flow passes through contact 1, through the nanowire between points 1 and 2, then
through contact 2. As a result, the measured voltage includes a voltage change at the contacts
equal to AV = 21 x Rc. Therefore the slope of the measured I-V curve is dV2/dI 2 = R12 + 2R12.
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Figure 2-11: Transmission line method measurement on single nanowire. a) Schematic of
contacted nanowire. b) Equivalent linear circuit. c) Plot of resistance versus length.
To measure both the nanowire and contact resistances, a more versatile characterization
method is needed. Resistances were measured by the transmission-line-method (TLM) [56]
illustrated in Figure 2-11. Consider the circuit diagram for a nanowire with four Ohmic contacts,
each with a different separation between the contacts. If the specimen is assumed to have a
constant resistance per length, then the resistance is R = L and the measured resistance,
"A
Rmeasured= 2Rc + . When plotted in a resistance versus length graph, the data shows a linearA
relationship where the y-intercept in 2Rc and the slope is the resistance per length, 2. On a real
A
measurement this data is plotted and the resistances of the nanowire and contacts are determined
by numerical fitting to the formula. The accuracy of this measurement can be increased by
measuring across more contacts, thereby providing greater statistical accuracy to the
measurement. Since the measurement involves a linear fit of resistance versus length data, a
TLM measurement can be performed with as few as three contacts, though it is typically done
with four contacts for greater statistical accuracy. This approach is advantageous for nanowire
characterization because it can be performed on nanowires where not all contacts function and it
can give a qualitative indication of the uniformity of the device. If the fitting of data does not fit
the equation well, either the nanowire resistance or contact resistance is non-uniform over the
sample.
Capacitance- Voltage Profiling
If a sample is observed to exhibit rectifying behavior, the built-in voltage can be
measured by capacitance-voltage (C-V) profiling. C-V profiling utilizes the fact that an energy
barrier in the conduction band, which occurs in the presence of a reverse-biased diode must be
caused by an electrostatic field. An electrostatic field can only be created by a separation of
charge, which exhibits a capacitance in the equivalent circuit.
1
oC (V - Vbi (2-6)C
In a C-V profile, a reverse-biased diode acts as a parallel-plate capacitor except that the
plate separation varies with the applied voltage as modeled by Equation 2-6, which can be
derived from the analytical formula of a parallel plate capacitor with thickness equal to that of
the voltage-dependant space-charge region thickness [56]. Similar to I-V analysis, a single diode
can only be identified in a complex circuit at a point of high impedance, which occurs just below
the turn on voltage. Hence, diodes in the equivalent circuit can be identified by plotting the
inverse of the measured capacitance squared as a function of applied voltage and looking for
linear regions. The built-in voltage may then be determined by plotting estimating the point of
infinite capacitance, which occurs at 1/C2 = 0.
2.3.4 Kelvin probe force microscopy
By maintaining a conductive scanning probing microscopy (SPM) tip at constant height,
Kelvin probe force microscopy (KPFM) is able to measure variations in the surface potential.
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Figure 2-12: Schematic of Kelvin probe force microscopy measurement.
The measurement setup is illustrated in Figure 2-12. The tip height is measured by
shining a laser on the tip, detecting the laser with a four-quadrant detector. As the tip height
changes, the position of maximum reflected laser intensity also changes, which alters the relative
intensities measured by the four quadrants of the detector. Meanwhile the potential at the tip is
measured, which is taken to be the surface potential. Kelvin probe measurements were
performed in collaboration with postdoctoral scholar Shenqiang Ren. Nanowire samples were
prepared by depositing nanowires from ethanol suspension onto Si/SiO2 grids (section 2.2.1).
Samples underwent oxygen plasma treatment for 20 min prior to Kelvin probe force
measurement. Samples were not inspected with SEM prior to Kelvin probe force measurement,
since SEM inspection creates carbon deposition that affects the surface potential.
Kelvin probe measurements were conducted in a Dimension 3100 SPM with a
Nanoscope IV Kelvin controller. The topography and the surface potential were detected
simultaneously using the bias modulation technique with two different frequencies for the
topography and Kelvin signal, respectively. All measurements were performed in non-contact
mode, meaning the tip (Pt coated Si top with a radius less than 25 nm) oscillates with a
resonance frequency of the cantilever co)res = 68.75 kHz at a distance of 50 nm above the sample
surface. For the Kelvin signal measurements an alternating current bias voltage of 0.5V at the
resonance frequency of the cantilever.
Chapter 3. Controlled growth of vertically aligned GaAs
nanowire arrays
The purpose of this chapter is to explain the nucleation and growth of GaAs
nanowires in order to fabricate a uniform array of vertically-aligned GaAs nanowires.
First, the vapor-liquid-solid nanowire growth process is explained and the conditions
required to achieve nanowire growth are presented. Next, specific metrics of nanowire
morphology are defined and the effects of the different growth parameters on the metrics
are explored. An optimal growth temperature of 420'C was found to prevent sidewall
deposition and defect formation. A kinetic model was developed, which describes the
observed results in the context of Ga adatom concentrations and diffusion. Vertically-
aligned nanowires were realized by reducing the group-Iliflow rate. A kinetic model was
developed to explain the flow rate dependence on vertical epitaxy based on Ga and As
mass-transport. Finally, the optimized vertical array of GaAs nanowires is presented and
possible applications are discussed.
3.1 Demonstration of nanowire growth
In this section, the theory behind the vapor-liquid-solid growth is presented, which
includes a brief review of published literature on the growth mechanism. Next, the growth of
GaAs nanowires by the vapor-liquid-solid method is demonstrated; however the nanowires are
randomly aligned and exhibit variation in their diameter. Next, a set of morphology metrics is
introduced and will be used to guide the optimization of GaAs nanowire growth, which will be
presented in the remainder of this chapter.
3.1.1 Nanowire growth mechanism
Nanowire growth was conducted using the vapor-liquid-solid mechanism first discovered
for Si nanowires in 1964 [15], then shown to apply to GaAs nanowires in 1996 [57].
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Figure 3-1: Schematic showing the steps of GaAs nanowires by the Au assisted vapor-liquid
solid mechanism.
As a first-order approximation, GaAs nanowire growth can be thought of as a four-step
process, as illustrated in Figure 3-1. First, the gallium and arsenic arrive from the vapor phase in
the form of trimethyl gallium and arsine precursor gasses. The presence of Au locally increases
the decomposition rate of the precursors leaving Ga and As adatoms to diffuse on the surface and
alloy with the Au nanoparticles. Once the gallium and arsenic reach a critical concentration
within the nanoparticles, phase separation between Au and GaAs becomes energetically
favorable and a heterogeneous nucleation event occurs at the Au-substrate interface. In
equilibrium conditions, this nucleation event would reduce the concentration of Ga and As below
the critical level and the phase separation would cease. During the growth, however, Ga and As
atoms are continuously being supplied, so the phase separation continues at a steady state until
precursor flow is ceased [15].
The enhanced precursor decomposition rate in the presence of Au has been observed by
noting that the precursor decomposition rate varies with the aerial density of Au nanoparticles on
the substrate [48] and the nucleation of single crystalline material from the Au nanoparticle has
been directly observed by in situ TEM growth. While the precise mechanism of the increased
precursor decomposition rate is not agreed upon, it is widely believed that the nanowire growth
kinetics are dominated by the surface kinetics of Ga precursor and adatoms at the Au
nanoparticle surface.
r=roe kT (3-1)
Early investigations into the VLS mechanism attributed the increase in decomposition
rate to a catalytic effect of the Au nanoparticle on the decomposition reactions of the Ga and As
precursors. If the Au were acting as a catalyst, the activation energy for growth, zIG in equation
(3-1), would be reduced. However temperature-dependant studies of nanowire growth rate reveal
that there is no reduction in the activation energy for growth [58, 59]. Thus the reaction co-
efficient, ro in (3-1), must be increased. Researchers speculate that the Au liquid nanoparticle has
an increased accommodation probability over the solid GaAs surface, which increases the
reaction co-efficient. In other words, the surface kinetics of Ga precursor and adatoms control the
kinetics of nanowire growth. That surface kinetics control the growth of nanowires is evidenced
by the research on nanowire growth without the use of seed nanoparticles [41].
This model is useful to develop an understanding of the growth process, but it is not
complete. To date, there are still many open questions regarding the precise driving force for
nanowire heterogeneous growth and considerable effort is being devoted towards developing a
unified growth model for III-V nanowires [60]. This thesis will provide a conceptual
understanding of the growth process as well as specific details essential to understanding how to
control the properties of the nanowires.
3.1.2 Demonstration of GaAs nanowires
According to the growth model proposed in Figure 3-1. The growth of GaAs nanowires
should be achieved by depositing nanoparticles gold on a GaAs substrate, then introducing
precursors at a temperature too low for spontaneous decomposition of precursors and deposition
of the semiconductor material. This forces the precursors to decompose selectively at the Au
nanoparticles and produces GaAs nanowires, consistent with published reports of GaAs
nanowire growth [17, 61, 62]. The proper growth conditions for GaAs nanowires can be
predicted from the standard enthalpies of formation of the two precursors. For arsine this is 66.4
kJ/mol and for TMGa this is 54.5 kJ/mol [63]. The activation energies of gallium and arsenic
precursor suggest that spontaneous growth, which occurs at a rate r = roe kT, can be suppressed
below a temperature of 550'C. To test this, nanowire growth was attempted by depositing Au
nanoparticles on a substrate, then introducing Ga and As precursor at a temperature below
550'C. Growth samples were prepared by evaporating a film of Au, 6A thick, on a GaAs
substrate, then annealing at 600'C to allow the film to dewet. This method has been shown to
produce high densities of epitaxial GaAs nanowires grown by the VLS mechanism [17].
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Figure 3-2: a) SEM images of Au nanoparticles resulting from a 6A Au film annealed at 600C.
b) Histogram of nanoparticle diameters, after annealing at 600"C, taken from many SEM images.
Evaporation and annealing produced Au nanoparticles, as shown in Figure 3-2a,
uniformly across the substrate. The diameter distribution of these nanoparticles was determined
by image analysis, as described in Section 2.2.2. The result, as shown in Figure 3-2b, was a
Gaussian distribution of nanoparticles. The average nanoparticles diameter was 20 nm and the
standard deviation was 9 nm or 40% of the total diameter.
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Figure 3-3: a) SEM image of dense forest of VLS-grown nanowires. b) EDX spectrum proving
GaAs composition. c) SEM image of a lone nanowire showing tapered morphology.
As shown in Figure 3-3a, nanowire growth can be achieved at 480'C. The composition of
the nanowires was confirmed to be GaAs by energy dispersive X-ray spectroscopy in TEM, as
shown in Figure 3-3b. However, the nanowires have a random position, diameter, and orientation
on the substrate. Inspection of a lone wire, found at a region of low catalyst density and shown in
Figure 3-3c, also reveals that the nanowire diameter can vary considerably across the length of
the nanowires. While these results demonstrate that the growth of GaAs nanowires is achievable,
the properties of each wire are not controlled enough for practical applications. Therefore, a
thorough exploration of the effect of different growth parameters on the morphology of GaAs
nanowires is necessary to achieve an array of vertically-aligned GaAs nanowires with uniform
properties.
3.1.3 Metrics of nanowire morphology
When setting out to control the morphology of GaAs nanowires, it is important to
quantify precisely what parameters to control. In this thesis, a set of morphology parameters is
defined and methods to control every parameter are presented. The parameters, as illustrated in
Figure 3-4, are the nanowire diameter (d), the tapering rate (TR), the probability of vertical
nanowire growth (Pv), and the nanowire height (h).
Nanowire Morphology Metrics
Diameter d ± Ad Average and standarddeviation of diameters
h Tapering TR Diameter change _
Rate Nanowire length h
Vertical Number of vertical NWs
Probability V Total number of NWs
Height h + Ah Average and standarddeviation of heights
Figure 3-4: Schematic of a vertical GaAs nanowire showing the morphology metrics.
Tunablility of diameter with a small standard deviation is desired to ensure that nanowire
devices can be designed with little variation in performance. A tapering rate of zero is desired to
establish independent control of radial and axial elongation. A vertical probability of 100% is
desired to ensure that all fabricated nanowires result in working devices. Similar to the nanowire
diameter, tunablility of height with a small standard deviation is desired to ensure that nanowire
devices show little variation in performance. However, since some proposed vertical device
integration schemes involve removing the top of the nanowire by chemical mechanical
planarization [22], variation in nanowire height may not be prohibitive to device development.
3.2 Preparation of Au nanoparticles to control radius and position
The radius of a GaAs nanowire is determined by the diameter of the gold nanoparticles.
Therefore, it is important to develop a method that produces gold nanoparticles of uniform and
tunable diameter. Dewetting of gold thin films is an inherently stochastic process [64], so
diameter control can not be achieved unless the substrate is templated [65]. Instead, a less
processing-intensive approach to achieving diameter and position control of nanowires was
explored. In this section, two methods of catalyst preparation are presented: colloidal deposition
and galvanic reaction on lithographically patterned substrates. The deposition of Au
nanoparticles from colloidal solution produced nanoparticles with controlled diameter, but no
control over position. This method was used in the nanowire growth studies presented, since
position control is not needed to understand nanowire growth. However, device applications will
require position control of the catalyst. Therefore, the deposition of Au nanoparticles using
galvanic reaction on substrates patterned by electron beam lithography is also presented. This
method produced uniform arrays of GaAs nanowires with precise control over nanowire position
and diameter.
3.2.1 Deposition of gold from colloidal solution.
In order to achieve greater uniformity in the nanowire radius, Au colloids were deposited
from commercially available Au colloidal solution, as described in Section 2.1.2. The colloidal
nanoparticles were purchased 3 with a standard deviation of nanoparticle diameter of less than
I nm. To determine the effect of the pre-growth anneal on the diameter distribution samples were
annealed at 6000C for 10 min, imaged by SEM, and the diameter distribution measured by
quantitative image analysis.
3 Colloids purchased from Ted Pella Inc. with measured diameter uniformity.
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Figure 3-5: Diameter distributions of Au nanoparticles on GaAs 111 B substrates at different
aerial catalyst densities after annealing at 600'C for 10 min. The left and right histograms show
the same data over different diameter ranges.
As seen in Figure 3-5a, the diameter distribution was found to broaden slightly around its
original average after annealing, but larger diameter particles also appeared. The broadening of
the diameter distribution around the original average can be attributed to either Oswalt ripening
[66] or non-uniform particle wetting angles. The larger particles can be attributed to merging
with each other, since Au nanoparticles are known to diffuse on semiconductor surfaces [65].
The larger particles appear at discrete diameters corresponding to integer multiples of the
original nanoparticle diameters. Moreover, the number of larger particles increased with
increasing nanoparticles aerial density, since the average nanoparticle-nanoparticle separation
decreases with increasing aerial nanoparticle density. This is uniquely characteristic of
nanoparticle surface diffusion and merging.
The extent of the merging can be quantified by defining the merging percentage, M, equal
to the number of nanoparticles that experienced a merging event divided by the total number of
nanoparticles. The merging percentages found for each catalyst density are shown in Table 3-1.
Nanoparticle Aerial Merging
Density (NP/ m2) percentage
0.08 4.7 %
0.12 6.1%
0.17 16.0%
0.22 19.3%
Table 3-1: The percentage of nanoparticles that undergo a merging event as a function of initial
nanoparticle aerial density.
Here a sharp transition occurs between 0.12 and 0.17 NP/pim 2. This suggests that at
approximately 0.15 NP/im2 the nanoparticles' nearest neighbor separation was equal the surface
diffusion length of the nanoparticles. If we assume a uniform distribution of nanoparticles with a
nearest neighbor spacing of L, then the area containing one nanoparticle is L2. Since the area
containing a single nanoparticle is also equal to 1/-, where -is the nanoparticle aerial density,
then L = ~ 2.5pm . Reducing the aerial nanoparticle density of nanoparticles gives a uniform
distribution of nanoparticles could be achieved, however a method to deposit Au nanoparticles
that do not diffuse on the surface is needed to control the position of VLS-grown nanowires.
3.2.2 Au nanoparticle arrays by lithography and galvanic reaction
In collaboration with visiting student Chun-Hao Tseng, a method to create an ordered
array of Au nanoparticles that do not diffuse during the pre-growth anneal and seed nanowire
growth was developed [38].
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Figure 3-6: a) SEM image of nanoparticles arrays prepared using electron-beam lithography and
galvanic reaction after annealing at 600'C for 10 min. Inset is AFM image with height profile.
The distribution of nanoparticle positions relative to the mask are shown b) before and c)
annealing at 600'C for 10 min.
This method, described in sections 2.1.1 and 2.1.2, consisted of using electron-beam
lithography to define a pattern and depositing Au nanoparticles using galvanic reaction. The
results are shown in Figure 3-6a. The specific reactions that occur are listed below.
4HAuCl 4 +2GaAs+6H 20 -> 4Au"+ Ga20 3 +As 20 3 +16HCI
As 20 3 +3H 20 ->2H 2AsO 3 +2H* (3-2)
It should be noted that the reaction creates an etched pit containing the Au nanoparticle
and the gallium oxide produced during the galvanic reaction appears in the form of a ring
surrounding the Au nanoparticle, as evidenced by the AFM image in Figure 3-6a. Position
control can be quantified by plotting the position of the Au nanoparticles relative to their
designated position before and after annealing, as shown in Figure 3-6b and c. Nanoparticles
were positioned within 50 nm of their designated position before annealing and found to diffuse
a net distance of no more than 50 nm after annealing. The reduction of net diffusion length from
2.5 ptm to 50 nm can be attributed to either the presence of the etched pit or the inability of the
Au nanoparticles to diffuse across the gallium oxide halo. The latter of which is consistent with
reports of Au nanoparticle diffusion being prevented on SiO2 versus Si [67]. Moreover, the
diffusion distance of 50 nm can be reduced by optimizing the galvanic displacement process to
produce smaller etched pits. As a result, this method is suitable for producing uniform position-
controlled arrays of Au nanoparticles that will not diffuse during the pre-growth anneal required
for epitaxial VLS nanowire growth [17].
3.3 Optimizing growth temperature
3.3.1 Preventing variation in nanowire diameter
Variation in GaAs nanowire diameter results from the spontaneous deposition of GaAs
on the nanowire sidewalls. Even at temperatures too low for the spontaneous decomposition of
precursors, deposition of GaAs material along the sidewall was observed. However, the growth
rate along the length was observed to be greater than the growth rate along the sidewall. This
suggests that growth conditions can be optimized to kinetically prevent sidewall deposition
without simultaneously preventing nanowire growth. Published results on MOCVD growth [47]
in thin films suggest that at temperatures below 550'C the rate limiting step is a kinetically-
limited step. Hence, growth rates should exhibit a strong dependence on growth temperature.
Assuming sidewall deposition is a thermally activated process, decreasing the temperature
should decrease the deposition along the sidewall. To test this, nanowires were grown at different
temperatures and the growth rate along the sidewall relative to the nanowire was determined.
Figure 3-7: TEM images of nanowires grown at 420C (a) and 480C (b).
The results are shown in Figure 3-7. At a temperature of 480'C, significant deposition
along the sidewall occurs. This results in the nanowire diameter doubling over a length of 4.6ptm.
At a temperature of 420'C, however, no significant sidewall deposition is observed, thus
confirming the hypothesis that reducing nanowire growth temperature reduces nanowire
tapering.
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Figure 3-8: The tapering factor plotted on an Arrhenius plot showing shell deposition is a
thermally-activated process with activation energy of 56 kcal/mol.
This can be quantified by plotting the tapering rate, as defined in section 4.01.03, versus
temperature on an Arrhenius plot. The data exhibits a linear behavior, confirming that shell
deposition is a thermally activated process. From Figure 4-9, the activation energy of sidewall
deposition relative to VLS growth is calculated to be 56 kcal/mol. Using this result, sidewall
deposition can be minimized by finding an optimal growth temperature that kinetically inhibits
shell deposition without hindering the VLS growth of the nanowire. In this case, that temperature
is 420'C.
3.3.2 Structural properties of GaAs nanowires
It was also observed that the structural properties of GaAs nanowires varied as a function
of temperature.
5 nm
Figure 3-9: High resolution TEM image of a GaAs nanowire grown at 420'C. b) Bright-field
TEM image of twinning in a nanowire grown at 480'C.
As shown in Figure 3-9, while nanowires grown at 480"C frequently experience
twinning, no structural defects were found in nanowires grown at 420"C. This was confirmed by
looking at a statistically significant set of over 50 nanowires, an accepted method to confirm
nanowires are free of structural defects [68]. This observation agrees with reports published since
[69, 70].
3.3.3 Kinetic model explaining temperature effect
From these results, a kinetic model for the nanowire axial and radial elongation can be
developed, which sheds light on why spontaneous growth occurs along the sidewall of the
nanowire below 550'C. The nanoparticle acts as a preferential decomposition site for the metal-
organic precursors forming either elemental adatoms [37] or partially decomposed precursor
[48]. However, as discussed in section 3.1.1, the rate-limiting kinetic processes are surface
kinetics processes at either at the Au-vapor interface or at the Au-GaAs interface [62, 71]. This
implies that not all Ga adatoms created by precursor decomposition at the Au surface are able to
incorporate into the Au. Hence there exist excess Ga adatoms on the Au surface able to diffuse
down the nanowire sidewall and deposit spontaneously [37].
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Figure 3-10: Schematic showing the pathways for TMG and how excess Ga adatoms can create
radial growth in nanowires.
The effect of temperature on the amount of excess Ga adatoms is illustrated in Figure
3-10. The VS deposition rate can be approximated by the following kinetic growth model. It
should be noted that this model does not account for partially decomposed precursors, precursor
decomposition away from the Au nanoparticles, or the Gibbs-Thomson effect. The model can be
derived by assuming
FVS ( excessGa (33)
Asidewall
Here, Fvs is the growth rate of sidewall deposition. This is proportional to the flux of
excess Ga atoms (Pexcess Ga) diffusing down the sidewalls, which determines the volume of the
material that will be deposited, divided by the surface area of the nanowire sidewall (Asidewall)-
Expanding further,
I VS TMGadecomposition Auincorporation (34)6RLGa
Here (PTMGa decomposition and (PAu incorporation are the fluxes of Ga adatoms decomposing at the
Au surface and incorporating in the Au nanoparticles, respectively. By conservation of mass
TMGa decomposition : OAu incorporation ± (Pexcess Ga only if ipAu incorporation < OTMGa decomposition. If this is
not the case, Oexcess Ga -0. Asidewall is the surface area of sidewall reachable by Ga adatoms. By
simple geometry this is the perimeter of the nanowire, which for a hexagon is 6R, multiplied by
the diffusion length of Ga adatoms, LGa. If the functional form for these adatom fluxes is
included, then
Fvs ( TMGOTMG-Au (T)- 2zcR 2 aGa (TupTmGa TMG-Au (T)- Peq ) (3-5)
6RLGa
Here, the factors PTMGa and qTMG-Au are the partial pressure of trimethyl gallium and the
decomposition efficiency of trimethyl gallium at the Au interface, which determine the total
amount of Ga adatoms decomposed from precursor. The factor aGa is the per area incorporation
rate of Ga into Au, since it is known that surface incorporation of the Ga is the rate-limiting step
to nanowire growth [72] [73]. The results of Figure 3-8 are primarily driven by the precursor
decomposition efficiency, i7TMG-Au, since it is the most sensitive to changes in temperature [72]
[73]. Recent work estimating the decomposition efficiency of TMGa, lTMG-Au, at Au seed
particles suggests that at 480"C TMG decomposition may be 5-10 times as efficient [69]. Hence,
at 480"C there exists an overabundance of Ga adatoms unable to incorporate into the Au, which
leads to sidewall deposition. At 420"C, however, there is little to no overabundance of Ga
adatoms, and hence no spontaneous sidewall deposition.
Moreover, this model explains the presence of defects at increased temperature. At
4800C, the decomposition of precursor at the Au seed particle is very efficient. Since
(1) Ga= 2ZR2aGa (PGa - Peq), the increased decomposition creates excess Ga adatoms, driving the
incorporation of Ga atoms into the Au and thereby accelerating the growth rate of the nanowire.
In this case, the growth occurs so rapidly that the Ga and As adatoms do not have sufficient time
to find a proper lattice site. Hence, structural defects form. At 420"C, however, there are not
excess Ga adatoms to accelerate nanowire growth. The reaction occurs slowly enough for Ga and
As atoms to find the proper lattice sites without forming defects.
In this model, one also expects the V/III ratio to influence the tapering rate since the
presence of arsine is known to enhance the decomposition of metal-organic precursors [74]. This
effect has been observed in ternary alloy nanowires [37] and in selective area epitaxial growth of
GaAs nanowires [35], however variation of V/III ratio did not have an observable effect on
tapering. This is likely the result of growth conditions chosen such that Au incorporation > iTMGa
decomposition- A V/III ratio of 20 was used during the optimization of the growth temperature.
In summary, reducing the growth temperature prevents the spontaneous deposition of
GaAs along the nanowire sidewalls by preventing the creation of excess Ga adatoms, which
diffuse along and spontaneously deposit on the nanowire sidewalls. Reducing the temperature
also enables nanowire growth free of structural defects by allowing the Ga and As atoms enough
time to find a proper lattice site. The optimal growth temperature is 420'C. This temperature is
low enough to provide a kinetic hindrance to sidewall deposition while high enough to drive
defect-free VLS nanowire growth.
3.4 Maximizing probability of vertical growth
In a practical application, one non-vertical wire could mean the difference between a
working device and a short-circuited device. Therefore, it is necessary to develop an acute
understanding of the nucleation of GaAs nanowires and design growth conditions uniquely
tailored to promote vertical growth. Without such an understanding, large scale integration of
nanowires for practical applications can not be considered. In this section, the effects of substrate
orientation and group-III flow rate on vertical probability, Pv, are explored. Then, a kinetic
model explaining the conditions needed for vertical growth is presented.
3.4.1 Effect of substrate orientation
In order to achieve vertical nanowire growth, the effect of substrate orientation on
vertical growth was investigated. For comparison nanowires were grown on both GaAs (100)
and (11 )B substrates.
Figure 3-11: Planview SEM images of GaAs nanowires grown on a) GaAs 100 and b) GaAs
111 B substrates with observed texturing in inset.
The results, shown in Figure 3-11, show that different substrate orientations give rise to
distinct texturing of the nanowires on the substrate. This is shown in the insets of Figure 3-11.
This texturing results from the epitaxial growth of nanowires on the host substrate. Hence, the
observed texturing is characteristic of the specific growth directions of the nanowires. Assuming
that nanowires grow exclusively along one family of planes, the observed texturing indicates that
the preferred growth direction is the <111> direction.
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Figure 3-12: Bright-field TEM of GaAs nanowire with SAD pattern, (01-1) zone axis.
To confirm that nanowire growth direction controls texturing, the growth direction of
individual nanowires was characterized by bright-field TEM, as described in Section 2.2.3.
Nanowires were tilted to a <1-10> zone axis and selected area diffraction patterns were taken, as
shown in Figure 3-12. This selected area diffraction (SAD) pattern agreed with reported SAD
patterns of zinc-blende GaAs along the <1-10> zone axis [51], confirming that our nanowires are
zinc-blende single crystals growing along the <111> growth direction. Similar analysis was
performed on over 20 nanowires with the same results, indicating that the GaAs nanowires grow
exclusively along the <111> direction. Thus, it can be concluded that since GaAs nanowire can
be made to grow exclusively along the <111> direction, obtaining a uniform array of vertical
nanowires may be accomplished using a (111) oriented substrate. This is important to note, given
that the growth of wurzite GaAs nanowires [75] as well as zinc-blende GaAs nanowires growing
along the <110> direction [76] have been reported.
3.4.2 Effect of total group-III flow rate
While vertical growth is achievable on GaAs 111 B substrates, non-vertical growth along
alternate <111> directions is also evident in Figure 3-11. To attain an array of vertical nanowires,
the mechanism controlling which <111> direction the nanowires grow along must be identified
and growth conditions must be engineered to ensure exclusive growth along the vertical <111>
direction. Since all of the <111> directions are thermodynamically equivalent4 , obtaining
vertically-align nanowires hinges on one simple question: can any one <111> direction be made
kinetically preferred?
4 There should be a slight influence of polarity on the free energy of growth, but this has not been observed to
influence the growth of GaAs nanowires
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Figure 3-13: Tilted SEM images of GaAs nanowire grown at a) TMGa flow = 2.0 scem and b)
TMGa flow = 0.3 scem with V/III ratio constant. c) The vertical percentage versus flow rate.
To determine the effects of growth kinetics on vertical alignment, the total group-IlI flow
rate was varied at constant temperature and V/Ill ratio. The hypothesis is that if changing the
growth kinetics changes the vertical probability, a strategy to promote vertical growth can be
developed. The result of this experiment is shown in Figure 3-13. At a TMGa flow rate of 2.1
sccm, 22% of the nanowires grow vertically, whereas at a TMGa flow rate of 0.3 sccm, 94% of
the nanowires grow vertically. In fact, plotting the vertical probability as a function of group-III
flow rate shows that vertical probability increases monotonically with TMG flow rate. This result
was obtained from inspection of multiple SEM images. It should be noted, however, that these
results depend strongly on the local aerial catalyst density, which could vary significantly in any
given sample. Increased density gave rise to less vertical growth. This result is consistent with
the growth kinetics being strongly influenced by the surface diffusion of partially decomposed
Ga precursor [48], and the error bar in Figure 3-13c was largely affected by the unequal
distribution of nanoparticles.
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One surprising result of this experiment was that at increased flow rates, off-vertical
growth was preferred instead of all growth directions being equally likely. This suggests that
increased flow rates are kinetically trapping the nanowire growth into a non-vertical direction.
From this observation, we can propose a kinetic model for the nucleation of vertical nanowires.
3.4.3 Kinetic model for nanowire nucleation
The results of Figure 3-13c demonstrate a clear departure from the basic model presented
in Figure 3-1. If both Ga and As incorporate into the nanoparticles and phase separate in a
eutectic process, why would increased flow rate of Ga give rise to non-vertical growth? The
answer can be found by inspecting the Au-Ga and Au-As phase diagrams [77], as shown in
Figure 3-14. At the growth temperature of 420'C, arsenic is not soluble in gold whereas gallium
is soluble. This trend holds true for all III-V compounds and complicates the nature of III-V
nanowire growth. If the group V element is not soluble in gold, how does it get in to the
nanowire? The only explanation that describes the observed group-III flow rate dependence is
rapid surface diffusion of the group V element along the seed-substrate interface [60]. Arsenic
has been found to rapidly diffuse along the Au-GaAs interface [78, 79] where it reacts with Ga in
the liquid metal particle to precipitate epitaxial GaAs.
a) GaI*
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Figure 3-15: a) Schematic of Ga-limited nucleation with corresponding SEM image showing
vertical growth. b) Schematic of As-limited nucleation, with corresponding SEM image showing
non-vertical growth.
Therefore, a more specific model for Ga and As mass transport during nanowire growth
is illustrated in Figure 3-15a&b. First, the Au nanoparticles are annealed allowing the gold define
the growth plane as the vertical (111) plane. Next gallium and arsenic are introduced. The
gallium incorporates into the gold, supersaturates, and precipitates out to the Au-GaAs interface,
while the arsenic adsorbs on the surface and diffuses along the Au-GaAs interface. This
distinction is significant because these two reactions occur at different rates. To illustrate the
influence of these two growth rates, the resulting growth under gallium-limited and arsenic-
limited growth are illustrated in Figure 3-15a & Figure 3-15b, respectively.
If the gallium diffusion and super-saturation is the rate-limiting step, as shown in Figure
3-15a, then the Au-GaAs interface should be arsenic rich. Thus, when a gallium atom diffuses to
the surface, it can quickly form with an arsenic atom to form epitaxial GaAs. Since the gallium is
diffusing from the liquid, the nucleation should be spatially uniform across the Au-GaAs
interface. This leads to uniform vertical growth that follows the vertical (11) growth plane
defined during the annealing step. The result is a vertical nanowire.
If the arsenic interfacial diffusion is the rate-limiting step, as shown in Figure 3-15b, then
the Au-GaAs interface should be gallium rich. Thus, when an arsenic atom diffuses into the seed
particle, it will quickly form with an arsenic atom to form epitaxial GaAs. Since the arsenic is
diffusing along the interface, the nucleation should occur principally at the seed particle sidewall.
This spatial inhomogeneity will alter the growth interface leading to a non-vertical (111) plane
becoming the primary growth plane. This leads to a nanowire kinked at the base.
According to this model, the cross-over point between vertical and non-vertical growth is
determined by how far the arsenic can diffuse on the surface before interacting with a gallium
atom. If the As atoms can reach the center of the nanoparticles, the growth will be spatially
uniform. If the As atoms can not, the growth will be localized to the sidewalls giving rise to
instability during the nucleation phase that can lead to non-vertical growth. To quantify this,
first consider the Ga side of the equation. In this process, increasing TMGa flow rate increases
the chemical potential difference driving Ga out of the Au-Ga mixture and onto the Au-GaAs
interface. This chemical driving force can be approximated as
AsU - supersaturted- Iknr PGa (3-6)
SPeq)
Here peq is the partial pressure of gallium in Au at the solubility limit. This
supersaturation creates a flux of Ga adatoms impinging on the Au-GaAs interface, with an
impingement rate given as
r = roe/kT = r PGa (3-7)
Peq
Here ro is the attempt frequency of impingement, and taken as constant in this model.
Given the rate of Ga atoms impinging on the Au-GaAs interface, the average time for a gallium
atom to react with an arsenic atom can be approximated as
t = Peq (3-8)
r roype,
Now consider the arsenic side of the equation. For spatially uniform growth, the average
distance the arsenic must be able to diffuse must be greater than the nanowire radius. This means
that deposition can occur at the center as well as the edge. Assuming a constant diffusivity, then
the diffusion length of arsenic along the interface, L, is
R<L = 4D .tD As, interface
R2 (3-9)
t > 4 DAs, interface
Here, DAs,interface is the diffusivity of arsenic along the Au-GaAs interface and t is the
average lifetime of arsenic as determined by the precipitation rate of Ga from the Au-Ga liquid.
The condition for growth stability can then be, as shown in (3-10).
P 4 DAsnterfacePeqPG.< roR 2  (-0
It should be noted that the partial pressure of arsine does not affect the diffusion length of
arsine along the surface, because the mass-transport of arsenic to the Au-substrate interface is not
a rate-limiting step. Hence, only the value of the group III flow influences vertical epitaxy. This
model explains the observed phenomena and predicts that higher temperature promotes vertical
epitaxy. This effect has been observed in literature for the GaAs system [70]. It should be noted
that with decreasing diameter, the rate limiting step controlling Ga impingement will become
dominated by the Gibbs-Thomson effect which will increase the factor Peq. This will make
epitaxy more difficult for smaller radius nanowires. It should also be noted that this effect is only
observed during nanowire nucleation. In fact, published reports have shown nanowires will not
kink during steady-state growth. However, if nanowire growth is stopped, the sample cooled, and
nanowire growth re-initiated, then kinking can occur [70]. This demonstrates that the kinetic
instability described in the model presented is a transient instability that only appears during the
initial nucleation event. This is reasonable considering that supersaturation forces are strongest
during the initial nucleation event.
In summary, nanowire growth with a probability of vertical alignment in excess of 95%
was achieved by using GaAs (111 )B substrates and reducing the total group III flow rate below
0.3 sccm at a constant V/Ill ratio of 20. If the group-III flow is higher, nanowires become
susceptible to a transient instability in growth direction during the nucleation phase, which
kinetically favors non-vertical growth.
3.5 Optimized vertical GaAs nanowire arrays
At this point, an understanding of the growth parameters on the nanowire morphology
has been developed. Combining lithography with galvanic reaction, Au nanoparticles have been
demonstrated with less than 10% diameter variation and greater than 50 nm position accuracy.
Process Parameter Optimized Value
Growth Temperature 4200C
TMG flow rate 0.30 sccm
V/II ratio 20
Table 3-2: Optimized growth parameters for vertical GaAs nanowire growth
By understanding the relative growth kinetics of VLS nanowire growth and spontaneous
VS deposition on nanowire sidewalls, an optimal growth temperature of 4204C was determined
at a V/III ratio of 20. At this temperature, sidewall deposition is kinetically inhibited, but VLS
nanowire growth is not. The result is a tapering factor of 0.001. This is low enough to claim
independent control over axial and radial elongation. By understanding that increased group III
flow rate can create a transient instability in nanowire growth direction, a TMGa flow rate under
0.3 sccm was chosen to allow greater than 95% of grown nanowires to be vertical. The effect of
V/III ratio on nanowire growth was also studied, however no significant effect was observed. An
optimized set of growth parameter has been determined, as summarized in Table 3-2.
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Figure 3-16: Growth rate calculation for GaAs nanowire growth.
The only process parameter left to optimize is the growth time. This will depend entirely
on the desired nanowire height. At these optimized set of growth parameters, the axial growth
rate was calculated by growing nanowires for different times and recording their height. The data
is summarized in Figure 3-16. The nanowire height depends linearly on the growth time. Using
this data, the nanowire height (h) as a function of growth time (t) is h(t) = rgrowth (t - tnucleation).
Here, the axial growth rate, rgrowth, is 1.06 pm/min and the nucleation time, tnucleation, is 2.68 min.
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Figure 3-17: a) SEM image of an optimized vertical GaAs nanowire array. Distributions of the b)
positions, c) diameters, and d) heights the nanowires grown from the Au nanoparticle array
shown in Figure 3-6.
An optimized GaAs nanowire array can thus be achieved by using galvanic reaction and
electron beam lithography to deposit an ordered array of Au nanoparticles and the optimized
growth recipe presented in Table 3-2 to achieve vertical GaAs nanowires. To achieve a height
just under 1 pm for vertical transistors [20], a growth time of 3 min was utilized. The result is
shown in Figure 3-17a. To quantify the quality of the uniformity of this array the position,
diameter, and height distributions have been calculated. Figure 3-17b shows the position of the
Au nanoparticles before annealing and after nanowire growth. Since the nanowire position is
defined during the pre-growth anneal and the same sample was used, this data is identical to the
data presented in Figure 3-6b. Figure 3-17c shows the diameter distribution of the optimized
vertical GaAs nanowire array. Calculation of the diameter distibution reveals a diameter of 73
7 nm. This corresponds to a 10% variability in nanowire diameter and can be attributed to
variations in the nanoparticle diameter. Further optimization of the lithography and galvanic
reaction processes should be able to reduce this variation. However, a 10% variation is small
enough to fabricate proof-of-concept strucutures based on vertically aligned GaAs nanowire
arrays. Figure 3-17d shows the height distribution of the optimized vertical GaAs nanowire
array. The distribution appears to be evenly distributed beween 650 and 925 nm. This suggests
that variation in the nanowire diameter may not be the driving factor behind this instability,
which would suggest the height distribution to be Gaussian, like the diameter distribution.
Instead, it is possible that variation in the nanowire nucleation time accounts for this variation.
Further studies into the process parameter dependance of nanowire nucleation time and its
standard deviation would be of value, but are beyond the scope of this thesis.
In conclusion, by understanding the effect of different process parameters on the
properties of individual nanowires, uniform arrays of vertically-aligned GaAs nanowire arrays
have been demonstrated and the underlying nucleation and growth mechanisms modelled. The
rest of this thesis will now focus on the use of vertically-aligned GaAs nanowires to achieve
core-shell GaAs/AlGaAs heterostrucutres and n-type doping via the deposition of an n-type
epitaxial GaAs shell.
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Chapter 4. Growth and properties of core-shell
GaAs/AIGaAs nanowires
This chapter presents the growth and in-depth characterization of vertically-
aligned core-shell GaAs/AlGaAs nanowire heterostructures. By optimizing the shell
deposition temperature and catalyst density, high temperature stability was maintained
and AlGaAs shell deposition was achieved. Analysis demonstrated the shell to be of
constant composition with the shell thickness changing by 2 nm/um. BF-TEM and lattice
resolved HAADF STEM structural analysis demonstrated the core-shell interface to be
epitaxial and defect-free. Measuring the intensity profile of the HAADF image of the
core-shell interface revealed the interfacial sharpness to be 1.4 nm, which can be
attributed to either compositional grading or core-shell interfacial roughness. These
results demonstrate that the morphology, composition, and crystalline quality of core-
shell nanowires can be controlled precisely enough for applications in high mobility
electronics.
4.1 Realizing epitaxial shell deposition
The fabrication of core-shell nanowire heterostructures has been demonstrated was first
demonstrated for Si/Ge [80] using a two temperature process. First, the core is grown at low
temperature via the VLS mechanism as described by Chapter 3. Then, the shell is deposited at
higher temperatures typical of thin-film epitaxy, to ensure uniform shell deposition. The core-
shell nanowire heterostructure and then applied to the III-V materials in GaN/AlGaN and used to
make proof-of-concept electronics [25] and optoelectronic [81] devices. These devices
demonstrated the potential benefit of independently controlling axial and radial semiconductor
growth for device applications.
Towards high mobility electronics, the GaAs/AlGaAs system was explored. Initial
studies into the GaAs/AlGaAs system [35, 82, 83] have suggested that core-shell nanowire
fabrication may be realized in the GaAs/AlGaAs system with an aluminum fraction less than
15%. These reports demonstrated the core-shell morphology using photoluminescence
measurements, but provided no information regarding the morphology, uniformity, or crystal
structure of these nanowires. Only one report existed concerning the structural properties of
GaAs/AlGaAs nanowires. That report used a scanning tunneling microscopy technique [32] to
demonstrate that it is possible to achieve a GaAs/AlGaAs core-shell interface free of threading
dislocations, however it could not measure the coherency or sharpness of the core-shell interface.
For core-shell GaAs/AlGaAs nanowires to be used for high mobility electronics, it must
be demonstrated that the structure and composition of the nanowires are uniform in both the
axial and radial direction and that defect-free epitaxial and coherent core-shell interfaces are
achievable. Moreover it is desirable to achieve AlGaAs shell deposition in order to provide
increased conduction band offset. This chapter focuses on demonstrating core-shell
GaAs/AlGaAs nanowire growth and conducting in-depth characterization of the shell to
determine the structural and compositional properties achievable in core-shell GaAs/AlGaAs
nanowires.
4.1.1 Shell deposition process
Core-shell nanowire fabrication was conducted utilizing a two-step approach based on
methods previously reported for core-shell nanowires [80], as described in Section 2.1.4.
Figure 4-1: Schematic showing the shell deposition process.
The core-shell nanowire fabrication process is illustrated in Figure 4-1. Au seed particles
are first deposited on the substrate. Vertically-aligned nanowires were grown by the VLS
mechanism according to the optimized growth recipe presented in section 3.5. To enable the
uniform deposition of an epitaxial shell, the temperature was increased above 650'C to remove
any kinetic barriers to the spontaneous decomposition of precursors and deposition of
semiconductor material.
4.1.2 High temperature stability of nanowires
Shell deposition was attempted by growing vertically-aligned GaAs nanowires according
to the recipe in Section 3.5, increasing the chamber temperature to 650'C, and introducing
gallium, arsenic, and aluminum precursor. While increasing the reactor temperature above 650'C
enables spontaneous precursor decomposition and material deposition, it also revealed a
morphological instability in the semiconductor nanowires.
Figure 4-2: SEM micrographs of GaAs/AlGaAs nanowires a) dense nanowire grown at 650'C
showing morphological instability, inset is sample at lower magnification and b) sparse nanowire
grown at 700'C maintaining morphological stability.
This morphological instability is clearly seen in GaAs/AlGaAs nanowires grown from
dense catalyst at 650'C. The vertical nanowires either collapse onto the substrate or fuse with
neighboring nanowires, as shown in Figure 4-2a. Closer examination of the nanowires reveals
that variations in the total diameters of the nanowires emerge. Interestingly, reducing the average
catalyst density to less than 0.1 nanoparticles/tm 2 significantly improves the nanowire stability
in the shell deposition temperature range, as shown in Figure 4-2b.
These results indicate that while the nanowire geometry is not the energetically most
preferred geometry, it is a metastable geometry that can be maintained so long as the nanowire is
not given a pathway to evolve into an energetically preferred geometry. This instability occurred
during non-vertical nanowire growth over an aerial density range of 0.1 - 5 nanowires/gm 2 and
during vertical growth above an aerial density of approximately 1 nanowires/Am2. From these
results it was concluded that this instability occurred when individual nanowires were able to
touch one at high temperature. Further annealing experiments (not shown) proved unable to
determine the pathway of this structural evolution, so the exact mechanism of this instability
could not be determined. However, it was found that high temperature stability could be
maintained with vertical nanowire growth at an aerial density less than 1 nanowire/pm2
Possible mechanisms include the Rayleigh instability and shell island formation [84].
This effect has been observed in both silicon [85, 86] and III-V [87] nanowires and their
behavior has been shown to depend on a number of factors. To explain the appearance and
behavior of morphological instability in nanowires, different mechanisms have been proposed.
These mechanisms include the Rayleigh instability [88] and shell island nucleation [84],
however no model of nanowire morphological instability exists that can account for all behaviors
reported in literature. In our system it is unclear whether the diameter variations are limited to
the shell or occur both in the core and the shell. Therefore, it is possible that one or more of the
instability mechanisms that have been proposed in literature may be responsible. Since however,
this thesis seeks to demonstrate that this instability can be avoided, a systematic study of the
mechanism of nanowire instability is therefore beyond the scope of this thesis.
4.1.3 Realization of core-shell nanowires
Shell deposition was conducted at a temperature of 700'C to enable decomposition and
deposition of AlGaAs material along the sidewalls of the nanowire. To ensure uniform
deposition, the V/IlI ratio was increased to 200, as compared to a V/Ill ratio of 20 used for
nanowire growth. Due to the limited flow control range of the MOCVD reactor used, achieving a
V/Ill ratio of 200 required reducing the group-Ill rate from the 0.30 sccm used in VLS growth to
0.21 sccm. In order to ensure significant Al incorporation in the shell, the group III flow was
75% TMA.
nm
Figure 4-3: SEM micrographs of vertical core-shell nanowires showing a) 80 - 90% of nanowires
maintain a stable morphology and b) the shell is faceted with a hexagonal cross-section.
These growth conditions yielded stable nanowire growth, as shown in Figure 4-3. SEM
images of core-shell nanowires (Figure 4-3a) demonstrate that 80 - 90% of the nanowires
maintain a stable morphology through the high temperature shell deposition. SEM images near
the tip of nanowires after shell deposition (Figure 4-3b) show symmetric overgrowth around the
Au seed nanoparticle, suggesting uniform shell deposition. Moreover, it was noted that the
overgrowth was faceted with a hexagonal cross-section, which suggests an epitaxial relationship
with the nanowire core.
As shown in Figure 4-4a, TEM images of GaAs nanowire cores show straight nanowires
of constant diameter that is always less than the catalyst nanoparticles indicating catalyst
mediated growth of the core. Bright-field TEM images of core-shell nanowires, shown in Figure
4-4b, show sharp contrast at the core-shell interface. It should also be noted that a small axial
elongation also occurred during the high temperature shell deposition; based on TEM
observations we estimate the growth rate of the high temperature axial elongation to be
approximately the same as the shell deposition. We also estimate the growth rate of the high
temperature axial elongation to be at least one order of magnitude less than the low temperature
growth rate of the GaAs nanowire core.
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Figure 4-4: a) Histogram of nanowire diameter before and after shell deposition as well as TEM
micrographs of nanowires b) before and c) after shell deposition
To confirm an increase in nanowire diameter after shell deposition and to determine the
average shell thickness, the diameters of over 25 nanowire cores as well as over 25 core-shell
nanowires with shells deposited for 1.5 min were measured from TEM images, as shown in
Figure 4-4c. By fitting a Gaussian function to the measured nanowire diameter distribution, the
average diameters 5 were determined to be 84 ± 15 nm and 132 ± 13 nm before and after the shell
deposition, respectively, indicating an average shell thickness of 24 nm. The observed variations
in the shell thickness are most likely due to a non-uniform distribution of catalyst nanoparticles
on the substrate causing variations in the local precursor concentrations during growth [48].
Further improvement in the shell thickness control could be achieved by preparing GaAs
nanowires in ordered arrays, as presented in section 3.2.2.
Hence, by utilizing an aerial catalyst density less than 1 nanowire/m 2, a growth
temperature of 700'C, and a group 111-flow rate of 0.21 sccm, uniform shell deposition on a
VLS-grown GaAs nanowire core has been demonstrated.
5 The observed variations in core diameters are most likely due to diffusion of Au nanoparticles during the
pregrowth anneal. The apparent diameter measured by TEM depends on the azimuthal rotation of the nanowire on a
TEM grid. If the nanowire rests on a facet instead of a facet corner, the measured diameter will be a factor of 2/3
greater.
4.2 Composition of core-shell nanowires
Since high mobility electronics typically utilize a GaAs/AlGaAs heterostructure, it is
important to measure the composition of the core-shell nanowires. That the shell is composed of
AlGaAs was confirmed by energy dispersive X-ray spectroscopy measurements conducted in
scanning transmission electron microscopy. Modeling the nanowires with a hexagonal cross-
section enabled quantification of the shell thickness and composition from EDX line scans.
4.2.1 Energy dispersive X-ray spectroscopy measurement
The compositions of the nanowires were measured by EDX in a STEM. Since STEM
utilizes a converged electron beam, it is able to measure composition at a point (single point
quantification) or measure the composition profile along a line (line scan) or in an area
(compositional mapping).
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Figure 4-5: a) EDX spectra of a nanowire core and a core-shell nanowire. Signal normalized for
As K line. b) Ga and As EDX profiles across the diameter of a core-shell nanowire. Inset is
STEM image of core-shell nanowire.
Energy dispersive X-ray spectroscopy (EDX) analysis, as shown in Figure 4-5 a, verified
the presence of AlGaAs in the core-shell nanowires. The EDS spectra of plan-view core-shell
nanowires show a strong Al signal as compared to no Al signal in GaAs nanowires and confirm
the presence of Al in the nanowires after the shell deposition. To determine the distribution of
GaAs and AlGaAs in the core-shell nanowire, the Ga and As profiles were recorded across the
diameter of the nanowire, as shown in Figure 4-5b. Since the intensity of the Ga and Al signals
are proportional to the amount of these elements, the ratio of the Al to Ga signal is indicative of
the aluminum percentage, x, in the AlxGa.xAs alloy in that region. Qualitatively, these data show
a greater concentration of aluminum in the shell than in the core, as expected. Quantification was
performed by comparing measured EDX profiles to models.
4.2.2 Modeling EDX compositional profiles
Before attempting to quantify the composition, two things must be noted. First, the
measured composition profile is the composition of the sample averaged in the vertical direction.
For example, a thin foil of Alo.25Gao.75As would produce the same EDX profile as a thin foil of
Alo.5oGao.5oAs sitting atop a thin foil of GaAs with equal thickness. Since the shell sits atop the
core, the observed EDX profile is the sum of the core and shell profiles. Hence the morphology
of the sample, in this case the cross-sectional profile of the nanowire, must be accounted for in
the quantification of the EDX signal. Second, the electron beam exciting X-rays has a finite
diameter, a. Thus, when irradiating the sample at x = 0, X-rays are observed from -a <x < o.
Since the electron beam has a Gaussian intensity profile, this phenomenon is known as Gaussian
beam broadening. Therefore, the EDX profile for element X, Ix(x), can modeled according to
Equation (4-1).
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Here, xxj is composition of element X in structure i (i= core or shell) and hx(x) is the
height profile of structure i. In order to model the match the measured EDX data to a model, the
height profile of the nanowire must be known.
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Figure 4-6: Height profile for a hexagonal cross-section nanowire resting on a) a facet corner and
b) on a facet.
Based on the images of the shell shown in Figure 4-3, a regular hexagonal cross-section
was assumed for the height profile, as shown in Figure 4-6. It should be noted that the height
profile of the nanowire will depend on the azimuthal orientation of the nanowire. If the nanowire
lies on a facet corner, which can occur if the nanowire falls into a valley of the lacey carbon
coating on the TEM grid, then the height profile will be given by Figure 4-6a. If the nanowire
lies on a flat surface, then the height profile will be given by Figure 4-6b. The height profile of
the hexagonal shell was modeled as a hexagon according to Figure 4-6 minus the height profile
of the inner core, which was also modeled as a hexagon according to Figure 4-6.
4.2.3 Quantification of core-shell nanowire composition
Measured EDX profiles were compared to simulated EDX profiles in order to determine
what shell thickness and composition best fits the measured profile. EDX profiles were simulated
according to (4-1) assuming a hexagonal cross-section with a height profile shown in Figure 4-6.
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Figure 4-7: EDX profiles for Ga and Al signals in core-shell plotted alongside Gaussian beam
broadening model for a core-shell nanowire a) laying on a facet corner and b) laying on a facet
sidewall.
The nanowire measured in Figure 4-5b was well modeled by a core-shell
GaAs/Al. 89Ga. IAs nanowire laying on a facet corner with core radius of 62.2 nm and a shell
thickness of 41.6 nm, as shown in Figure 4-7a. As observed in Figure 4-7b, nanowires were also
observed to match the height profile shown in Figure 4-6s, which corresponds to the nanowire
lying on a facet. The azimuthal orientation of the nanowire can be seen by examining the Ga
signal in the core. For a nanowire lying on a facet, this profile is flat. For a nanowire lying on a
facet edge, this profile exhibits an inverted V shape.
In order to ensure that the nanowire posses a height profile given by either Figure 4-6a or
Figure 4-6b and not an arbitrary angle in between, the Kikuchi pattern of the nanowire was
measured to determine the azimuthal tilt. The height profile of Figure 4-6a corresponds to a [1-
10] zone axis, whereas the height profile of Figure 4-6b corresponds to a [11-2] zone axis.
Quantitative EDX measurements were performed on nanowires tilted to within 1 of the zone
axis. It should be noted, however, that quantitative EDX was never performed on nanowires
tilted precisely on their zone axis because electron channeling effects [89] substantially reduced
the EDX signal.
Measuring over 15 nanowires revealed that the shell possessed a composition of 89 ± 3%
aluminum. This was confirmed by single-point EDX quantification at the nanowire shell. Based
on the signal-noise ratio, presence of Brehmstrahlung, and X-ray reabsorption [90], we estimate
the error in the EDX calculation to be at least 3%. Hence we conclude that the AlGaAs shells
were consistently composed of 89% aluminum within the accuracy of the measurement.
This consistency in shell composition is surprising given that variations in local Au
nanoparticle density created variations in the shell thickness, as seen in Figure 4-4. In order to
probe the effect of flow rate on shell composition, the flow of TMA and TMG was altered from
75% to 50% Al by vapor pressure, which resulted in AlGajAs shell composition of x = 0.86
0.02. We also deposited AlGaAs shells at 680'C and 75% Al by vapor pressure resulting in x
0.71 ± 0.06 and at temperatures below 650'C, which resulted in amorphous shell growth with x <
0.05 detectable by EDS. These results suggest that shell composition is primarily controlled by
shell deposition temperature and variations in local precursor flow rates will not cause
compositional variation.
4.3 Morphological & compositional uniformity of core-shell
nanowires
By performing multiple line scans at different distances from the Au seed particle,
imaging the nanowires in their cross-section, and creating a 3D reconstruction of the core-shell
nanowire using electron tomography, it was determined that the shell thickness and composition
are axially and radially uniform.
4.3.1 Axial uniformity of core-shell nanowires
The axial uniformity of our core-shell nanowires was measured to quantify shell
deposition quality along the nanowire length. A series of EDX line scans were performed along
the length of our nanowires and these EDX profiles were fitted to models to extract the shell
thickness and composition.
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Figure 4-8: The shell composition and thickness of a representative core-shell nanowire
measured by EDX at different point along the length of the nanowire.
Figure 4-8 shows the results from a representative core-shell nanowire with the average
shell composition of 90% with a 2-3% variation along the nanowire length - within the error of
the measurement. The overall diameter increases with increasing distance from the Au seed
particle along the growth direction at a rate of approximately 2 nm/pm. With a typical FET gate
length of 150 nm or less, this shell thickness variation is not likely to affect device performance.
4.3.2 Radial uniformity of core-shell nanowires
To determine the spatial distribution and uniformity of the AlGaAs shell, high angular
annular dark field (HAADF) and EDX analysis was conducted on nanowire cross-sections.
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Figure 4-9: High angular annular dark field STEM image of core-shell nanowire cross-section
and corresponding chemical maps for aluminum, gallium, and arsenic.
As shown in Figure 4-9, the Z-contrast images match the EDX elemental mappings with
Al signal detected only in the nanowire shell and together confirm the targeted core-shell
structure. HAADF STEM images of core-shell nanowires show darker contrast in the nanowire
shell than in the core, which indicates deposition of a material with lower average atomic number
in the shell. Measurement of the shell thickness along each of the six facets reveals that the
difference in thickness between the narrowest and thickest facet is 1.2 nm. Measurement of the
shell composition by single-point EDX quantization along each of the six facets also reveals that
the composition is uniform to within 3%, the accuracy of the measurement. This measurement
confirms the accuracy of the regular hexagonal model presented in Figure 4-6. Moreover, this
variation is not likely to effect the performance of a FET based on a core-shell nanowire and
could be reduced by optimizing the growth conditions of the shell deposition.
4.3.3 3D reconstruction of core-shell nanowires
To simultaneously measure the axial and radial uniformity of the core-shell nanowires,
electron tomography in high angular annular dark field STEM was performed in collaboration
with Dr. Peter Cherns at CEA Grenoble [91]. Electron tomography consists of imaging a sample
at multiple tilt angles to develop a 3D representation of the sample. High angular annular dark
field STEM is used because the image contrast is highly sensitive to atomic composition [92].
Figure 4-10: a) HAADF STEM images of core-shell nanowires taken at different angles. b) 3D
reconstruction of a core-shell nanowire imaged using HAADF STEM tomography. Images
courtesy of Dr. Peter Cherns, CEA Grenoble.
A 3D reconstruction of a core-shell nanowire is shown in Figure 4-10. Utilizing the
sensitivity of image contrast on chemical composition and applying threshold image brightness
values, the core and the shell regions can be distinguished. In agreement with the axial
uniformity studies shown in Figure 4-8, the shell thickness and composition are uniform along
the length of the nanowire. Moreover, no significant non-uniformities are observed in the cross-
section of the nanowire. This suggests that the thickness and composition of the shell deposition
is uniform along the axial and radial directions. Examination of the core-shell interface shows no
significant roughness or non-uniformity, however an in-depth study of the core-shell interface
using cross-sectional TEM samples, which will be presented in section 4.4.2, is needed to
quantify the interfacial roughness.
4.3.4 Effect of shell deposition conditions on uniformity
The effect of growth temperature and group III flow rate on the deposition of the
epitaxial shell was studied to estimate the growth parameter range over which uniform and single
crystalline shell deposition may be achieved. Since this chapter focuses on understanding the
structural and compositional properties of GaAs/AlGaAs nanowires in order to determine their
viability for high mobility applications, a full exploration of shell deposition parameter space
was beyond the scope of this thesis.
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Figure 4-11: Basic zone diagram for shell deposition.
The results of this basic exploration of parameter space are presented in Figure 4-11. The
optimal conditions were determined to be a group III flow rate of 0.210 sccm and a temperature
of 700'C. Under these conditions, shell deposition was found to be uniform by SEM analysis and
epitaxial by TEM analyses (will be described in more detail later in this chapter). Reducing the
shell deposition temperature resulted in non-uniform and amorphous deposition. No
polycrystalline region was observed.
Increasing the shell deposition temperature to 750'C also resulted in epitaxial shell
deposition, however the shell was found to be non-uniform in the radial direction. The cause of
non-uniform shell deposition was hypothesized to be an increased the shell deposition rate
resulting from increased temperature. This hypothesis is supported by the observation of non-
uniform shell deposition at 700'C and a group III flow rate of 0.42 sccm. Therefore it can be
proposed that there exists a threshold growth rate above which shell deposition is non-uniform.
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Assuming an Arrhenius functional form of the shell deposition rate, as shown in Equation (4-2),
this threshold can be denoted by the slanted dashed line in Figure 4-11. Proof of this hypothesis
and precise determination of the terms ro and AG would require in-depth growth studies and are
beyond the scope of this thesis.
r = roe kT (4-2)
In order to probe the effect of flow rate on shell composition, the flow of TMA and TMG
was altered from 75% to 50% Al by vapor pressure, which resulted in AlxGa1 xAs shell
composition of x = 0.86 ± 0.02. AlGaAs shells were also deposited at 680*C and 75% Al by
vapor pressure resulting in x = 0.71 ± 0.06 and at temperatures below 650'C, which resulted in
radial shell growth with x < 0.05 detectable by EDS. These results suggest that shell composition
is primarily controlled by shell deposition temperature, which is indicative of kinetically-limited
growth. Since the presence of the Au is known to enhance the decomposition of Ga and Al
precursor, it is possible that the presence of Au effectively transitions the shell deposition from
the mass-transport-limited to kinetically-limited regime. As will be explained in Chapter 5, the
removal of the Au nanoparticle prior to shell deposition is required to achieve n-type doping.
Therefore, realization of n-AlGaAs with tunable composition should be achievable if the Au seed
nanoparticle is removed prior to shell deposition.
Hence, shell deposition was found to be morphologically and compositionally uniform in
both the axial and radial direction. Based on a basic exploration of shell deposition parameter
space, uniformity seems achievable below a threshold growth rate. To further evaluate core-shell
GaAs/AlGaAs nanowires as candidates for high mobility applications, the crystalline structure of
the nanowire and core-shell interface must be precisely characterized.
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4.4 Structural properties of core-shell nanowires
In order to be considered candidates for high mobility electronics, core-shell nanowires
must be free of structural defects such as dislocations, twin planes, and antiphase boundaries as
structural defects scatter electrons and reduce the electron mobility [93]. The GaAs/Alo.9GaO.jAs
system has 0.12% misfit, which is compressive to the Alo.9Gao.1 As. It has been shown [94, 95]
that for lattice-mismatched heterostructures the nanowire core-shell geometry has significantly
greater critical film thickness than planar structures, because the nanowire core can
accommodate part of the strain. To determine if dislocation formation is expected in
GaAs/AlGaAs core-shell nanowires, the coherent strain energy and the energy associated with
the presence of strain-relaxing dislocations in this system were calculated based on the
methodology for determining coherency limits in core-shell nanowires [94, 95]. For a core-shell
GaAs/Alo.9Gao.iAs nanowire with a core diameter of 100 nm and shell thickness of 50 nm the
additional energy associated with the presence of a dislocation is greater than the energy
reduction of strain relaxation making dislocation formation not thermodynamically favorable.
4.4.1 Structural analysis along nanowire length
To confirm this prediction, the structures of individual nanowires were studied using
transmission electron microscopy. TEM is capable of atomic resolution and can precisely the
Burgers vectors of any defects observed [51]. Examining many nanowires at a variety of tilt
angles is an accepted method of characterizing the structure of nanowires [68].
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Figure 4-12: a) Bright field TEM micrograph of a core-shell nanowire. Inset is selected area
diffraction pattern along <110> direction. b) Lattice-resolved TEM micrograph of GaAs/AlGaAs
interface between the GaAs nanowire and the Au seed nanoparticle. Inset is same image at lower
magnification showing relative positions of GaAs, AlGaAs, and Au.
Low magnification bright-field TEM images and selected area diffraction patterns, shown
in Figure 4-12, reveal the core-shell nanowires have a single crystalline zinc-blende structure,
grow along the [111] direction, and are free of structural dislocations. The single crystalline zinc-
blende structure and growth direction can be seen from the selected area diffraction pattern
shown in Figure 4-12a. The growth direction was determined by indexing the diffraction spots
and determining which spot is parallel to the growth direction. As seen in Figure 4-12a, the
nanowire grow direction is parallel to the line between the [111] direction and the transmitted
beam. This indicates a [111] growth direction.
The presence of structural defects such as a dislocation or twin plane would perturb the
symmetry of the crystal and hence create diffraction contrast. The result would be a dark and
straight line appearing in the image. Since diffraction contrast can disappear when the sample is
tilted to specific high symmetry directions, the samples were tilted over a wide range of angles to
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ensure that no dislocations were present. It should be noted that curved dark lines (not shown)
were often observed in nanowires and attributed to internal strain in the nanowires resulting from
they way they lay on the TEM grid. These contours, also known as strain contours, are
commonly observed in nanowires [68] and be distinguished from defects by their curved shape.
Over 25 nanowires were inspected and no dislocations appeared, hence it was concluded
that after examining a statistically significant set of nanowires, no structural defects are present.
It should be noted that the use of X-ray diffraction (XRD) was considered to measure a much
larger set of nanowires. However, these GaAs/AlGaAs nanowires grow epitaxially on GaAs
[11 1]B substrates, which makes dislocation analysis using XRD challenging or impossible; XRD
data would be unable to distinguish defects in the nanowires from defects in the GaAs substrate
due to the significantly larger (four orders of magnitude) volume of the substrate compared to
that of the nanowires.
To investigate the properties of the GaAs/AlGaAs interface, lattice-iresolved TEM images
were recorded along the AlGaAs growth between the Au seed nanoparticle and the GaAs
nanowire core. The TEM investigations suggest epitaxial deposition of AlGaAs, however
variations in sample thickness prevent precise characterization of the GaAs/AlGaAs interface
using planview TEM. Precise characterization of the core-shell interface is better conducted on
cross-sectional TEM samples where the core-shell interface is not buried under the shell and
there exist no thickness changes between the core and the shell.
4.4.2 Characterization of core-shell interface
Precise characterization of the core-shell interface was conducted on the cross-sectional
TEM sample shown in Figure 4-9. Since imaging was performed using HAADF STEM instead
of diffraction contrast TEM, the images are directly interpretable [96]. Moreover, since HAADF
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STEM provides sharp chemical contrast and atomic resolution, this method can be used to
determine both the coherence and sharpness of the core-shell interface.
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Figure 4-13: a) Lattice-resolve high angular annular dark field STEM image of core-shell
interface in cross-section with Fourier transform in inset and b) STEM intensity profile of the
core-shell interface along the dashed line in (a). Blue dashed line denotes interfacial region.
Lattice-resolved HAADF STEM images, shown in Figure 4-13a, of nanowire cross-
sections obtained along [111] zone axis reveal no distortion from a perfect zinc-blende single
crystal. Hence it can be concluded that the shell is epitaxial, defect-free, and atomically sharp in
the plane of the cross-section. To quantify the atomic sharpness along the length of the nanowire,
the intensity profile of the image was measured and shown in Figure 4-13b. The profile was
recorded along the dotted arrow shown in Figure 4-13a. The intensity profile is brightest between
x = 0 nm and x = 2.2 nm, which indicates pure GaAs, and dimmest between x = 3.6 nm and x =
5.4 nm, which indicates AlGaAs. Between x = 2.2 nm and x = 3.6 nm, the intensity profile
decrease gradually. This gradual decrease can be caused by one of two phenomena. It could be
the result of compositional grading at the interface to alleviate the strain caused by the misfit
between the GaAs and AlGaAs. Or this gradual decrease can be the result of a core-shell surface
roughness. Since the observed intensity is averaged over all of the atoms in the atomic column, it
is possible that the region between x = 2.2 nm and x = 3.6 nm contains both GaAs and AlGaAs.
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The limits of the measurement technique make it impossible to distinguish between these two
effects.
It is important to note that sidewalls of hexagonal nanowires grown along the [111]
direction can belong to either the (110) or (112) families of planes, which can have significant
impact on the electronic properties of the core-shell interface. For example, carrier mobilities in
the GaAs (110) plane are known to be a factor of ten times greater than in the GaAs (112) plane
[97]. From the fast Fourier transform of the lattice resolved images, shown in Figure 4-13, it was
determine that the facets are aligned along (110) assuring the potential of these core-shell
nanowires for high mobility electronics.
4.5 Summary
The controlled growth of core-shell GaAs/AlGaAs nanowire heterostructures has been
demonstrated. The nanowire geometry was shown to be metastable at high temperatures, with
morphological evolution occurring if individual nanowires were allowed to come in physical
contact with one another. SEM measurements revealed that by growing vertically-aligned
nanowires at an aerial density below 1 nanowire/pm2, the stability of the nanowire geometry was
maintained and uniform faceted shells were deposited. EDX analyses confirmed the core-shell
morphology and consistently determine the shell to be AlxGajAs with x = 0.89 ± 0.03. Axial
uniformity analysis demonstrated the shell to be of constant composition with the shell thickness
changing by 2 nm/pm. HAADF STEM and EDX analyses of cross-sectional samples
demonstrated the shell composition was the same on all six facets and that the shell thickness
changed by less than 2%. A three-dimensional reconstruction of the nanowire provided further
evidence of the compositional and morphological uniformity of the nanowires in the axial and
radial directions. BF-TEM and lattice resolved HAADF STEM structural analysis demonstrates
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the core-shell interface to be epitaxial and atomically sharp. Measuring the intensity of the
profile of the HAADF image of the core-shell interface revealed the core-shell interface
sharpness to be 1.4 nm, which can be attributed to either compositional grading or core-shell
interfacial roughness.
These results demonstrate that core-shell GaAs/AlGaAs nanowires may be fabricated
with precise control over morphology, composition, and structure. The control demonstrated
over all of these parameters is sufficient enough to be considered candidates for high mobility
electronics. While further studies would be needed to provide full quantitative control over
nanowire dimensions and composition, the viability of core-shell nanowires for high mobility
applications has not yet been demonstrated. The electrical properties of core-shell nanowires
must first be investigated to determine if controllable n-type doping is achievable in core-shell
nanowires. This is the focus of Chapter 5.
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Chapter 5. N-type doping of GaAs nanowires by the
deposition of an n-GaAs shell
The purpose of this chapter is to explain the fundamental solid-state and surface
physics involved in n-type GaAs nanowire doping via the deposition of an epitaxial n-
GaAs shell. The I-V properties of undoped nanowires were measured and the growth
conditions for n-GaAs deposition were designed to minimize the impurity incorporation.
GaAs/n-GaAs nanowires demonstrate an unintended rectifying I-V behavior, which was
further investigated by a combination of energy dispersive X-Ray spectroscopy, current-
voltage measurement, capacitance-voltage profiling, and Kelvin probe force microscopy.
A model of Au diffusion and charge depletion was proposed to explain the observed
rectification. Utilizing this model, non-rectifying n-type GaAs/n-GaAs nanowires were
realized by removing the Au seed nanoparticle prior to shell deposition. The electrical
properties of these n-type nanowires were characterized and a model to predict the
conductivity of GaAs/n-GaAs nanowires including the effects of Fermi level pinning is
presented.
5.1 Nanowire Electronic Properties
While proof-of-concept nanowire transistors [24, 98], light emitting diodes [25], and
lasers [27, 99] have been demonstrated, the viability of Au-grown nanowire devices requires
controllable doping in nanowire systems. To determine a promising approach to doping in GaAs,
it is important to examine the body of published work on nanowire wire doping.
5.1.1 A review of nanowire doping
An increasing body of evidence now suggests that controllable doping is achievable in
certain nanowire systems with varying degrees of difficulty. Co-introducing dopant precursor
during the VLS growth has realized n- and p-type doping in silicon [24, 100, 101], germanium
[102, 103], and indium phosphide [104] nanowires. Since the co-introduction of dopant
precursor during the VLS growth requires no additional processing steps, it is the most desirable
method to dope nanowires.
Attempts to dope GaAs by co-introduction of dopant precursors have highlighted the
specific challenges to doping GaAs. Co-introduction of zinc precursor has yielded controllable p-
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type doping [105]. However, examination of the diameter dependence on the nanowire resistance
revealed that a minimum nanowire radius of 80 nm was needed to achieve p-type doping at a
concentration of 1018 cm-3 in a GaAs nanowire. Exposed GaAs surfaces possess a substantial
density of midgap surface states that trap free carriers and create a surface depletion layer. This
phenomenon is referred to as Fermi level pinning and is well documented, particularly in
literature concerning contact formation to GaAs [106]. While this phenomenon is documented in
both p-GaAs and n-GaAs, it is known to be more significant in n-GaAs [106].
Currently, only two reports of n-type Au-grown GaAs nanowires exist, but neither
demonstrates controllable n-type nanowire growth. In the first report, n-type doping was
unintentionally achieved 6 and the gate response measurements demonstrated substantial charge
trapping [107] indicative of surface pinning. In the other report, n-type doping was achieved
using co-introduction of tellurium in MBE grown GaAs nanowires [30], however it was noted
that doping was achieved at a temperature of 550'C. At this temperature, growth does not occur
exclusively via the VLS mechanism and the observed tapering rate (section 3.3.1) was greater
than 200 nm/pm. Though this growth temperature was not justified by the authors, recent
theoretical work has calculated that the incorporation of dopant increases exponentially with
growth temperature [108], so the most likely explanation for this growth temperature was to
increase the incorporation of tellurium dopant in the GaAs nanowire. These results suggest that
doping by co-introduction of doping precursor during VLS growth can be achieved, but has an
adverse impact on the nanowire morphology. This result is in agreement with recent results on
selective area epitaxy grown GaAs nanowires [109].
6 The authors of that work attribute the unintentional doping to carbon background doping, but comparison with the
results of this thesis suggests that the use of a silicon substrate allowed silicon to diffuse from the substrate into the
nanowire.
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An alternate approach to achieving n-type doping is the deposition of an epitaxial shell.
With an epitaxial shell, free carriers can be provided either conduction band discontinuity [8,
110] at a core-shell heterointerface or by doping the shell [111]. Initial studies into the electrical
properties of the core-shell GaAs/AlGaAs nanowire heterostructures presented in Chapter 4,
however, revealed no significant increase in current resulting from the presence of a
heterointerface suggesting the deposition of an epitaxial doped shell (hereafter referred to as
shell doping) was required. Shell doping has been demonstrated to be an effective method of p-
doping in InAs nanowires [111], which is significant because both InAs and GaAs are well-
documented to experience Fermi level pinning [106].
5.1.2 Shell doping process
Shell doping, is essential to the development of devices based on radial nanowire
heterostructures [81]. The process to deposit an n-type GaAs, illustrated in Figure 5-1, was
virtually identical to the core-shell nanowire growth process presented in Chapter 4.
Figure 5-1: Schematic of shell doping process
First, Au seed nanoparticles were deposited on the substrate from colloidal solution.
Next, a GaAs nanowire was grown via the VLS mechanism at 420'C to promote anisotropic
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axial elongation of the nanowire. Finally, the temperature was increased above 650'C and a
doped shell was deposited by co-introducing silane, arsine, and trimethylgalium.
5.1.3 IV properties of undoped GaAs nanowires
Individual nanowires were deposited on Si/SiO2 substrates and Ohmic Ni/Ge/Au/Ge/Au
(25/25/150/25/150 nm) multilayer contacts were deposited using aligned electron beam
lithography and physical vapor deposition, as described in Section 2.3.2. To ensure the contacts
maintained conformity on the nanowire sidewalls, the metallization thickness was always greater
than the radius of the nanowire. The minimum line width written was always twice the
metallization thickness to ensure successful liftoff. Further optimization of the contacting process
may enable the deposition of smaller contacts.
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Figure 5-2: Transmission line method measurement of nanowire resistance
The resistances of undoped nanowires were measured by the transmission-line-method
(TLM) (Section 2.3.3) and the results from a representative nanowire are shown in Figure 5-2.
The measured resistances exhibited a linear dependence contact separation, 1, with Rc = 800 MQ
and an observed conductivity of 5.2 x 10-5 Q-cm as calculated from the TLM measurements
according to Equation (5-1).
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Here d is the nanowire diameter as measured by SEM, R/l is the resistance per length as
determined by a linear fitting of the resistance versus length plot shown in Figure 5-2c, e is the
charge of single electron, p is the carrier mobility, and N is the charge carrier density. Based on
similar reports of undoped GaAs thin films grown by atmospheric pressure MOCVD [112], the
carrier mobility was assumed to be 2000 cm 2/V-s. Given that nanowires are grown by a different
growth mechanism, the assumed electron mobility must be considered a rough estimation.
Based on this analysis, the carrier concentrations of undoped nanowires were found to be
in the range of 1010 - 1012 cm-3. These values are between two and four orders of magnitude
higher than the intrinsic carrier concentration of 108 cm-3 [112]. The precise source of conduction
electrons could not be determined. However, it was noted that the measured resistance of a
nanowire would be greater six months after device fabrication than immediately after device
fabrication, which would suggest that surface chemistry strongly influences nanowire
conductivity. Because, the measured carrier concentrations are too low for functional devices
[56, 113], investigations were made into doping GaAs nanowires via the deposition of an n-
GaAs shell on an undoped VLS grown nanowire core. Since a current density greater than 0.1
mA/cm2 is needed for functional devices [113], the deposition of an doped shell needed to
increase the net conductivity of the nanowire at least five orders of magnitude.
5.1.4 Determination of growth conditions
The growth conditions for an n-GaAs shell were modeled after the optimized growth
conditions for AlGaAs shell deposition, presented in section 4.1.3. This consisted of a growth
temperature of 700'C, total group III flow of 0.23 sccm, and a V/III ratio of 200. A IV/III ratio
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of 1/8 was selected to achieve a silicon incorporation of 1018 cm-3 based on previous results on
the same reactor [50]. To determine the concentrations of impurities, an n-GaAs/n-AlGaAs thin
film heterostructure was grown under the same conditions with a growth time of 5 min and the
compositions were measured by secondary ion mass spectroscopy.7
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Figure 5-3: Secondary Ion Mass Spectroscopy data for n-GaAs/n-AlGaAs thin-film growth a)
7000C and b) 750'C
The composition of a doped thin-film GaAs/AlGaAs multilayer grown at 700'C is shown
in Figure 5-3a. As expected, the predominant impurity was silicon, but the presence of carbon,
oxygen and hydrogen was noted. Being a group IV element, silicon is an amphoteric dopant,
which means that silicon can form substitutional defects by occupying either a Ga or As lattice
site. However, the energy required for Si to occupy a Ga site is known to be lower than the
energy for Si to occupy an As site, hence silicon is almost exclusively an n-type dopant [114].
The amphoteric behavior of silicon is only observed when the concentration of silicon atoms
occupying Ga sites exceeds 1019 cm~3 [115].
7 Data collected by EAG Labs Inc.
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The presence of carbon, oxygen, and hydrogen impurities are also noted. Being a group
IV element, carbon is also an amphoteric dopant, but unlike silicon, the energy required for
carbon to occupy a gallium site is almost equal to the energy required to occupy an arsenic site
[115]. Therefore, in the presence of high concentrations of n- or p-type extrinsic doping, carbon
will tend to form acceptor or donor-like impurity states to counteract the effect of the extrinsic
doping. Oxygen is also electrically active in GaAs and known to oppose n-type silicon doping by
forming [Si-O] complexes [116] as well as trap free carriers by forming a wide variety of Ga and
hydrogen containing complexes [117]. Hydrogen incorporation has been documented to not
significantly impact the electronic properties of GaAs. Since the atomic radius of hydrogen is
one third that of gallium or arsenic, hydrogen incorporates into GaAs an as electrically inactive
interstitial defect.
Hence, to achieve n-type doping in GaAs, growth parameters must be designed to
minimize the concentrations of oxygen and carbon impurities. Previous results [50] on the same
MOCVD reactor indicated that the oxygen incorporation can be reduced by increasing growth
temperature to 750"C. The composition of a doped thin-film GaAs/AlGaAs multilayer grown at
750'C with all other growth parameters identical to sample shown in Figure 5-3a is shown in
Figure 5-3b. The sum of concentrations of oxygen and carbon impurity was less than 1017 cm-3
while the silicon doping level was greater than 1017 cm-3. These data demonstrate that growing n-
GaAs at a temperature of 750'C and targeting a silicon concentration between 1017 and 1018 cm-3
will ensure a sufficient concentration of electrically active silicon to overcome the auto-
compensating effect of oxygen and carbon impurity. It should be noted that n-type doping may
be possible at 700'C if other parameters are adjusted, but a full investigation of parameter space
was not investigated.
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5.2 The adverse effect of Au on n-type doping
The doping of GaAs nanowires via the deposition of an n-type epitaxial shell was
attempted by depositing an n-GaAs shell on a VLS-grown GaAs nanowire at 750'C with a
targeted carrier concentration of 1018 cm-3. For comparison, a thin-film was deposited under
identical conditions to highlight the specific challenges of doping in nanowires.
5.2.1 Unintended electrical rectification in nanowires
In order to compare doped shell deposition with doped thin-film deposition, the VLS
nanowire growth and shell deposition were performed in separate growths. First, vertically-
aligned GaAs nanowires were grown from colloidal Au according to the recipe presented in
Section 4.5. Then, the growth chamber was opened, a semi-insulting GaAs (100) substrate was
inserted, and the growth chamber was resealed for n-GaAs deposition. The purpose of the GaAs
(100) sample was to serve as a control for nanowire shell deposition and to test if the growth
conditions designed in Section 6.01 yield reproducible n-type GaAs material.
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Figure 5-4: Direct current IV data for a) a GaAs (100) control sample and b) a representative
GaAs/n-GaAs core-shell nanowire with false-colored SEM of shell contacted nanowire.
The IV data for the GaAs (100) control sample and a representative GaAs/n-GaAs core-
shell nanowire are shown in Figure 5-4. The control thin film sample shows Ohmic behavior and
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an increase in conductivity of five orders of magnitude as compared to the semi-insulating wafer,
as shown in Figure 5-4a. The sheet resistance of the n-GaAs thin film was calculated to be 680
Q/o using the Van der Pauw equation (Section 3.3.3). This resistivity corresponds to a carrier
concentration of 3.1 x 1017 cm-3 assuming a carrier mobility of 2000 cm 2/V-s. Hence, the growth
conditions produce n-GaAs material with properties close to the predictions of Section 5.1.4.
In contrast to the homogeneous doping observed in the control thin film sample, the IV
properties of the GaAs/n-GaAs core-shell nanowire varied along the axial length of the
nanowire. Away from the Au nanoparticle, the nanowire exhibited Ohmic conduction with a
conductivity six orders of magnitude greater than undoped nanowires (Section 5.1.3); this is
consistent with n-type doping. Assuming a mobility of 2000 cm 2/V-s, the carrier concentration
between contacts B and C can be estimated as 7.9 x 1017 cm-3. This value is over twice as large
as the value measured in the thin-film control, which is most likely the result of the Au
nanoparticle assisting the decomposition of silane. However, an unexpected rectification
behavior with a built-in voltage around 0.6 V appeared near the Au nanoparticle. As shown
in Figure 5-4, this behavior appeared on all measurements involving contact A, which contacts
the nanowire near the Au nanoparticle. It should be noted that near the Au seed particle, the shell
thickness decreases, as seen in the SEM micrograph in Figure 5-4b. Therefore, to ensure that
variations in shell thickness were not the cause of the observed rectification, contact A was
designed to extend far enough past the Au nanoparticle so as to contact the shell at its largest
thickness. To ensure this rectification behavior was not an anomaly, more than 20 doped-shell
nanowires were measured and all nanowires exhibited rectifying behavior with directionality
determined by the position of the Au nanoparticle and a turn-on voltage of approximately 0.6 V.
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5.2.2 Characterization of rectification & estimation of band structure
In order to better understand the rectifying behavior observed in Figure 5-4 and
distinguish the electrical properties of the nanowire from contact effects, a combination of I-V
and capacitance-voltage (C-V) profiling was utilized. A rectifying circuit element can be
approximated as a diode, which possesses a leakage current Io, an ideality factor no, and a built-in
voltage Vbj. The current of a diode increases exponentially with applied voltage, as shown in
Equation 5-2, such that the logarithm of the current increases linearly with applied voltage.
lnI) = ln(Io)+In e " X - i + nIO) (5-2)
\OI )nokT
When plotting the I-V behavior on a semi-log plot, the measured slope can be used to
determine the diode ideality factor and the V = 0 intercept can be used to determine the diode
leakage current. Moreover, the capacitance of a diode will vary with applied voltage, as shown in
Equation 5-3, such that the inverse squared capacitance is found the decrease linearly with
voltage. When plotting 1/C2 versus applied voltage, the 1/C2= 0 intercept can be used to
determine the diode built-in voltage.
1
C (V (5-3)
118
-- IV A-B --- IV B-C - - Diode 1 -- Diode 2 - - Diode 3 1 CV Data]
Figure 5-5: Electrical characterization between contacts A & B showing a) direct-current I-V
behavior and b) C-V profiling using an AC bias of 500 mV at lkHz. Inset is same data in a
different voltage region and scaled accordingly.
The dc I-V curve and ac C-V curves between contacts A and B are shown in Figure 5-5.
Rectifying circuit elements were identified by noting the presence of linear regions in both the I-
V and C-V data at similar voltage regions8 . This comparative analysis suggested the presence of
two rectifying circuit elements between contacts A and B. The first rectifying element between
contacts A and B, referred to as diode 1, is dominant from 0 < V< 0.20 V. This diode is noted in
the I-V and C-V data as the blue dashed line in Figure 5-5. From the I-V data this diode could be
modeled with a leakage current I, = 1.2 x 10-4 pA and an ideality factor n1 = 1.4. This diode was
also observed in the C-V data, (located in the inset of Figure 5-5b) with a measured built-in
voltage of 210 ± 10 mV. The second rectifying element between contacts A and B (labeled diode
2) appears dominant in the range of 0.25 V < V< 0.45 V. This diode is noted in the I-V and C-V
data as the red dashed line in Figure 5-5. From the I-V data this diode could be modeled with a
leakage current I2= 1.8 x 10-3 gA and an ideality factor n2 = 2.4. This diode was also observed
8 The "apparent" turn-on voltage in the I-V data will be less than the built-in voltage measured in the C-V data due
to the nanowire resistance I-V data dominating the I-V behavior when the diode is nearly "on".
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in the C-V data, (located in the inset of Figure 5-5b) with a measured built-in voltage of 580 ± 20
mV.
Close inspection of the I-V data between contacts B and C suggested the presence of one
rectifying circuit element, labeled diode 3 in Figure 5-5a. Diode 3 was noted to have the same
ideality factor (1.4) as the first diode (diode 1) observed between contacts A and B. Moreover,
both diodes exhibit very similar built-in voltages of approximately 0.2V. The only difference
between the two rectifying circuit elements was that the leakage current of diode 3 (2.6 x 10-3
1iA) was 20 times greater than the leakage current of diode 1 (1.2 x 10-4 piA).
V1 =0.21V
EC -V2 =0.58 V
EF
E V
Figure 5-6: Proposed band structure of GaAs/n-GaAs nanowire between contacts A and B.
The built-in voltage of 0.58V observed in Figure 5-4 is not consistent with the presence
of an Au-GaAs Schottky contact, since the Au-GaAs barrier height is known to be 0.9 V [118].
Instead, the observed rectifying behavior can be explained by the existence of an axial segment
in the GaAs nanowire, in which the Fermi level is pinned midgap, as shown in Figure 5-6. In this
case, the built-in voltage of diode 2, 0.58 V, should be equal to the difference between the
conduction band of the GaAs under contact A and contact B. As the measurement between
contacts B and C in Figure 5-4 demonstrates, the nanowire is doped under contact B, so the
Fermi level can be approximated as EF= Ev + 1.42 V under contact B, the level of the silicon
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donor state in GaAs. Therefore, the Fermi level under contact A is 0.58V further from the
conduction band, which is EF = Ev + 0.84 V.
If diode 2 is caused by an energy barrier contained within the nanowire, then it can be
hypothesized that both diode 1 and diode 3 were caused by the annealed NiGeAu contacts. Both
diodes exhibited similar ideality factors and built-in voltages. Moreover, it is well-documented
that annealed NiGeAu contacts are thermionic contacts with an energy barrier width that
decreases when the donor level of the GaAs increases [106]. Hence, the decreased leakage
current of contact A (diode 1) versus contacts B and C (diode 3) would indicate that the Fermi
level must be further from the conduction band under contact A than under contacts B and C.
These features are included in the band diagram shown in Figure 5-6. It should be noted that the
band diagram shown in Figure 5-6 is estimated since the precise concentrations and spatial
distributions of Si, Au, and Ge (from the NiGeAu contact) impurities could not be measured.
In this model the impedance of diode 1 was assumed to be zero above 0.2V. There could,
however, exist a voltage drop across contact A above 0.2V. In this case, the energy barrier in the
nanowire would be less than 0.58V. Therefore, the Fermi level under contact A is estimated to be
0.89 ± 0.05 eV above the valence band. Moreover, while this model is consistent with the I-V
data, C-V data, and published literature on NiGeAu contacts; there may exist other models
capable of explaining the data. Rectifying contacts have been documented to create multiple
diodes with different ideality factors [56]. Therefore, to explore whether the observed energy
barrier, measured as diode 2, is contained within the nanowire itself and is not somehow an
artifact of the contacts, a simple Kelvin probe force microscopy measurement (KPFM) was
performed.
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Figure 5-7: Kelvin probe force microscopy of a representative nanowire along the dotted green
line pictured in the corresponding SEM image. The red diamonds with connecting line are
measured Kelvin potential, normalized to value of the Au nanoparticle and the blue dashed line
is the nanowire height profile.
KPFM utilizes a conductive AFM tip to measure the surface potential of a sample, which
would experience a steep change in the presence of a diode-like energy barrier. Since the tip is
maintained a constant height above the surface9 , the measured potential will not depend on
variations in sample height. The measured Kelvin potential, AFM height profile and SEM image
of a representative nanowire is shown in Figure 5-7. The positions and voltages measured were
taken relative to the position and measured potential of the Au seed nanoparticle. Examination of
the Kelvin potential indicates the presence of a diode-like energy barrier along the length of the
nanowire. The first region, located from x = 0.1 - 1.2 ptm (here x is defined as distance from the
Au nanoparticle along the length of the nanowire), exhibits a Kelvin potential of 220 ± 30 mV.
The second region, located from x = 1.2 gm - 8.3 jim, exhibits a Kelvin potential of 160 ± 20
mV. These results indicate the presence of a potential difference, A VK, of 60 ± 30 mV at x = 1.2
9 The measurement is performed in tapping mode so the tip height oscillates, however the minimum separation
between tip and sample during each oscillation is held constant.
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± 0.2 pm. The measured Kelvin potential difference of 60 ± 30 mV is comparable to a reported
conduction band difference of 85 ± 5 mV across a p-i junction in a GaAs nanowire for which the
difference in Fermi level was estimated to be 0.7 V [119]. It should, however, be noted that the
Kelvin potential was performed in ambient atmosphere, which may affect the value of the
measured voltage [64]. Since the surface chemistry of the nanowire could not be controlled in
our experimental measurement, precise quantification of the measured Kelvin potential was not
attempted.
Both I-V and C-V measurements revealed the presence of two diode-like energy barriers
in the conduction path. Both diode-like energy barriers agree with a model of an axial nanowire
segment with the Fermi energy located 0.89 ± 0.05 eV above the valence band. This finding is in
accordance with Kelvin probe force microscopy, which confirms the presence of an axial
segment with Fermi energy lower pinned midgap. To explore the physical cause of this axial
segment, compositional analysis by energy dispersive X-ray spectroscopy was conducted near
the Au seed nanoparticle.
5.2.3 Direct observation of Au diffusion in the GaAs nanowire
To understand why rectification always occurred near the Au nanoparticle, the
composition profiles of shell-doped nanowires were measured by EDX. EDX is able to detect the
atomic composition of a material to an accuracy of approximately 1% by measuring the X-rays
produced from electronic transitions of inner core electrons. The sensitivity of this measurement
is limited by background noise and X-ray absorption in the material. EDX is sensitive enough to
observe compositional differences in a sample, but not sensitive enough to detect impurity
doping directly.
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Figure 5-8: a) EDX profiles of Ga, As, & Au at the Au-GaAs interface. Inset is STEM image
with linescan shown as the green dashed line b) Comparison of Au EDX signal in a doped shell
versus undoped nanowire. The signals were normalized to their maximum Au count.
The EDX data from a representative nanowire are shown in Figure 5-8a. The Au EDX
signal shows a distinct diffusion tail with Au EDX signal detectable as far as 90 nm away from
the Au-GaAs interface. This distance is too large to be attributable to beam broadening effects or
other artifacts of the measurement. Moreover, the behavior of the gallium and arsenic profiles
indicate that the EDX signal is accurately measuring the compositional profile. It has been
reported that when GaAs nanowires are annealed, gallium (soluble in gold) diffuses into the gold
nanoparticle, while arsenic (not soluble in gold) does not [120]. The arsenic signal falls steeply
to zero at the Au-GaAs interface, whereas the gallium signal penetrates the entire length of the
Au nanoparticle. To identify when during the growth process the observed Au diffusion occurs,
VLS-grown GaAs nanowires also underwent similar analysis. A comparison of the gold profile
in nanowires with and without an n-GaAs shell, as shown in Figure 5-8b, reveals that the Au
EDX signal of a the core-shell nanowire extends five times as deep as the undoped nanowire,
which proves that the observed diffusion occurred during the shell deposition.
5.2.4 Discussion
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Based on these results, it can be concluded that during the high temperature shell
deposition step, Au diffuses from the Au seed nanoparticle creating a segment of the GaAs
nanowire with Fermi energy pinned at Ev + 0.84 eV. The segment with lower Fermi energy
creates a conduction band barrier equal to the difference in the Fermi level, 0.58 V. Moreover,
the reduced Fermi level in the GaAs near the Au increases the energy barrier of the NiGeAu,
making the thermionic nature of the contact more pronounced. This model agrees with the EDX,
IV, CV, and Kelvin probe measurements and confirms that the presence of Au at 750'C prevents
the fabrication of a uniform n-GaAs nanowire. It should be noted that the only intentional n-type
doping in GaAs nanowires published were grown by gas source molecular beam epitaxy at a
temperature of 550'C [30]. It is possible that this result was achieved because the growth
temperature of 550'C is too low to observe significant diffusion of Au or to make diffused gold
electrically active in GaAs.
There are two possible explanations for the observed Fermi level pinning at Ey + 0.84
eV: the gap states are either gold-induced (gold impurities are creating midgaps states), or the
gold is creating a small degenerately doped p-type region and the observed midgap states are
intrinsic GaAs defect states located in the diode depletion region.
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Figure 5-9: Proposed models for rectification. a) Au diffusion creates midgap states with
observed rectification between Si- and Au-doped segments. b) Au diffusion creates degenerately
p-doped region with observed rectification between the n-GaAs and diode depletion region.
The case where Au is creating midgap states is illustrated in Figure 5-9a. Gold has been
reported to create an acceptor at Ev + 0.04 eV and a deep trap at Ev + 0.40 eV in GaAs [121,
122], however the properties of all electronically active gold-related defects in GaAs are not
fully understood. The existence of an Au-Ga complex state at Ev + 1.07 eV has been proposed
[123] and other midgap states related to Au may exist, which pin the Fermi level near the
measured value of Ev + 0.84 eV.
The case where Au creates a degenerately p-doped region and the observed midgap states
are intrinsic defects in the diode depletion region is illustrated in Figure 5-9b. GaAs possesses
midgap surface state in the range of 0.7 eV - 0.9 eV above the valence band. Given the increased
surface-to-volume ratio of the nanowire geometry and the depletion of free carriers due to the p*-
n junction, the Fermi level could be pinned at the value of the fixed surface potential. On the
other hand, intrinsic point defects such as gallium vacancies (E3, located at Ev + 1.10 eV [124,
125]) and arsenic antisite defects (EL2, located at Ev + 0.83 eV [5, 126, 127]) are known to be
electronically active. If the diffusion current of Au into the GaAs nanowire is matched by
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diffusion of gallium into the gold, the density of Ga vacancies and As antisite defects would be
greatly increased. Since the EL2 is at a lower energy than the E3 level, the Fermi level would be
pinned at the EL2 level of Ev + 0.83 eV.
Precise determination of the density of origin of the midgap states would require deep
level transient spectroscopy studies performed on shell-doped nanowires grown under various
growth conditions and measured under various external stresses to determine the variation of the
defect level with stress [127, 128]. Moreover, the extent and spatial uniformity of the diffused
gold within the nanowire would need to be precisely measured to determine if the extent of the
pinned segment exceeds the extent of the Au diffusion. Future work will focus on more precise
measurement such as local electron atom probe (LEAP) microscopy, and efforts are underway to
gain access to a LEAP microscope at Oak Ridge National Laboratires. Since, however, the
results of Chapter 4 indicate that shell deposition must be conducted above 650'C to achieve
epitaxy in MOCVD-grown core-shell GaAs nanowire, it can be concluded that regardless of
what specific point defect pins the Fermi level at Ev + 0.84 eV, the fabrication of a uniform n-
GaAs nanowire - the objective of this chapter - requires the removal of Au prior to shell
deposition.
5.3 Realization of n-type GaAs nanowires via Au removal
The electrical properties of GaAs/n-GaAs nanowires with and without the presence of the
Au nanoparticle were compared to provide final proof of the adverse effect of Au on n-type
doping in GaAs nanowires and to fabricate a uniform n-type shell doped GaAs nanowire. It
should be noted that the Au seed particle has no function during shell deposition. Its function is
strictly to seed VLS nanowire growth, so the Au nanoparticle was removed immediately
following nanowire growth.
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5.3.1 Electrical properties of Au-removed doped shell nanowires
One method for removing gold in GaAs commercial applications is immersion in
triiodide solution (commonly referred to as TFA solution). Utilizing TFA etchant to remove the
Au seed nanoparticles has been shown in Ge nanowires [129] and proven compatible with the
shell deposition process [130].
A . A
Figure 5-10: Schematic of modified shell doping process including TFA etching process.
A modified shell doping process, shown in Figure 5-10, was developed and the effect of
gold on the electronic properties of GaAs/n-GaAs nanowires was tested as follows. Vertically-
aligned GaAs nanowires were grown from colloidal Au on two samples according to the recipe
presented in Section 4.05. The two substrates were removed from the growth chamber. One
sample was immersed in commercially available TFA etchant for 5 sec and rinsed in deionized
water for thirty seconds. The other control sample was not immersed in TFA etchant, but still
rinsed in DI water for thirty seconds. Both samples were then reinserted for n-GaAs deposition.
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Figure 5-11: a) DC IV measurement of a representative shell-doped nanowire and b) TLM
measurement of resistance versus length. Inset is false-colored SEM of contacted nanowire.
The IV behavior of a representative shell doped nanowire produced after Au removal is
shown in Figure 5-11 a. The nanowires were contacted using the same three-point scheme as the
nanowires exhibiting rectifying behavior. The nanowires that were immersed in triiodide solution
exhibited linear Ohmic behavior across all contacts. The nanowires not immersed in triiodide
solution exhibited the same rectifying properties exhibited in Figure 5-4, proving that the
presence of Au during the high temperature shell deposition step causes rectifying behavior and
that removing Au prior to shell deposition enables the fabrication of uniform GaAs/n-GaAs
nanowires.
Quantification of the conductance was conducted by transmission-line-method
measurements, as shown in Figure 5-11b. The measured resistances exhibited a linear
dependence contact separation, 1, with Rc = 2.17 k and R/l= 6.42 kQ/pm, which corresponds to
an observed conductivity 29.9 Q-cm. This conductivity is six orders of magnitude greater than
the conductivity measured for the undoped nanowire, which indicates successful doping.
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Figure 5-12: a) TLM determination of nanowire and contact resistance and b) back gated IV of
the nanowire shown in Figure 5-11 between A-B showing n-type conduction. Error bars are
difference between forward and reverse sweep opf source-drain voltage.
That the conduction in the shell doped nanowires was n-type was confirmed by applying
a voltage on the backgate and measuring the effects on the net conductivity, as illustrated in
Figure 5-12a. Application of a backgate voltage effectively modulates the electron charge in the
nanowire through field effect. Using this setup, the carrier sign and mobility in the nanowire can
be estimated by measuring the effect of varying the gate voltage on the source-drain current was
measured on the nanowire. For each point, the gate voltage was held constant, while the source-
drain voltage was swept from OV to 5V then back to OV. The average values are plotted in
Figure 5-12b, with the error bars defined by the difference in the forward and reverse source-
drain voltage sweep. The change in source-drain current with gate voltage, dIns/dVGS, was
measured to be +0.045 pA/V at an applied voltage of 1.0 V. The fact that the source-drain
current increases with applied back gate voltage proves that removal of the Au nanoparticle prior
to shell deposition enables n-type doping via the deposition of an n-type epitaxial shell. The
carrier mobility can be estimated to be 30 cm 2/V-s, from the measured value of dIDs/dVGs
according to Equation 5-4.
dIDS L2  _ dIDS 2tL (54)
dVG ID CG dVG 'DESiO 2 cod
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Here, it is assumed that the gate capacitance is a layer of silicon dioxide with a thickness
of t0x and a dielectric constant ofcS0 2 . The nanowire is assumed to have a hexagonal cross-
section with one facet, d/2 wide and L long, in contact with the oxide. This value is much less
than the assumed mobility of 2000 cm 2/V-s. Examination of multiple wires found variation in the
measure mobility in the range of 30 - 70 cm 2/V-s. Based on this measurement, the estimation of
carrier concentration for VLS doped nanowire was underestimated by one or two orders of
magnitude, although this does not change the fact that the nanowires are still insulating. Given
the presence of surface states in n-GaAs, the measured mobility from back-gated measurements
has limited accuracy. A back gated measurement operates on the principle that an external
voltage can induce or deplete charge in the nanowire by the field effect. However, surface states
can screen the applied voltage, reducing the induced charge and lowering the measured mobility.
Hence, the measured field effect mobilities cannot be trusted. Accurate determination of the
mobility would require Hall measurements, but the backgated results prove that shell doped
nanowires are n-type.
It was noted that some of the GaAs/n-GaAs nanowires produced using TFA etchant
exhibited non-uniform shell deposition. A representative non-uniform shell GaAs/n-GaAs
nanowire is shown in the inset of Figure 5-1 lb. TEM inspection of the nanowire samples noted
that the Au etching process roughened the sidewalls of the nanowire with a root-mean-squared
amplitude of approximately 2 nm. This is consistent with reports of Au removal in Ge nanowires
and indicates that optimization of the etching chemistry and time is required to remove the Au
without affecting the GaAs nanowire core.
By removing the Au nanoparticle prior to shell deposition, it was demonstrated that
axially uniform n-type doping via the deposition can be achieved. These results provide final
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verification of Au diffusion-depletion theory and represent a significant leap forward in the
understanding of the influence of gold on the electronic properties of VLS-grown nanowires.
While the demonstration of proof-of-concept devices has suggested that the adverse effects of
Au may not prevent the creation of functional devices, the need to understand the role of Au on
device performance has been frequently acknowledged. While there have been reports seeking to
measure the concentration of Au in VLS-grown nanowires [131, 132], to the best of the author's
knowledge, this is the first report detailing the impact of Au on the electronic properties of Au-
grown nanowires. As such, these results provide a useful guide to the design and development of
functional nanowire devices.
5.3.2 Predictive model for the conductivity of n-GaAs nanowires
GaAs is well-documented to exhibit Fermi level pinning resulting from a significant
density of surface traps. Since a nanowire device can have a surface-to-volume ratio higher than
ten times as a thin-film device, correctly predicting the conductivity of a shell doped nanowire
requires an understanding of the impact of Fermi level pinning on the nanowire conductivity.
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The effect of Fermi level pinning on a GaAs/n-GaAs nanowire is illustrated in Figure
5-13a. Surface states surface pins the Fermi level at a fixed energy above the valence band. The
pinned Fermi level results in a surface layer depleted of free carriers, known as the depletion
layer, which reduces the effective thickness of the n-type shell. To quantify the effect of Fermi
level pinning on predicted conductivity, Schrdinger-Poisson simulations [133] were conducted
to simulate the carrier profile of GaAs/n-GaAs core-shell nanowires at various shell thicknesses
and carrier concentrations. From these simulations, the thickness of the depletion layer, tep, can
be determined as the distance from the surface when the n = 0.5ND. By performing simulations at
various donor concentrations, the dependence of the depletion layer thickness on the donor
concentration can be determined, as shown in Figure 5-13b. The dependence of depletion layer
thickness on carrier concentration could be approximated according to Equation 5-5.
teN 0 (5-5)
If the surface potential is assumed to be equal to 580 mV, then the value to in Equation 5-
5 is 2.53 x 101 nm-cm-3/2 . This would be the case if the nanowires discussed in Section 5.2 were
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depleted and pinned to the surface potential. However, as discussed in Section 5.2.4, the
measured pinning potential could not be due to surface pinning, in which case the value of to in
Equation 5-5 would be different. The approximate dependence of tdep on ND can be understood
by considering a pinned surface as having a fixed number of trap states. The number of free
carriers needed to fill these states is N ~ ND x L x tdep2, where ND is the density of free carriers
andL x tdep2 is the volume over which carriers are taken. Knowing the thickness of the depletion
layer, the measured nanowire conductivity can be predicted by assuming the measured
conductivity of the nanowire is the conductivity of the doped shell averaged times the cross-
sectional area of the actively doped shell divided by the total cross-sectional area of the
nanowire.
N 0 )2  21(t+r -to )2 -r
0N qpND , t > - (5-6)
(t +r) 2
nN,, t < tdep
Here, the shell's measured conductivity, as calculated from TLM measurements by
Equation 5-1, is predicted by Equation 5-6. Here, the actively doped shell's conductivity is given
by qpND, where q is the charge of an electron, p is the electron mobility, and ND is the donor
concentration in the shell. This conductivity was corrected by a geometric factor of the doped
shell's cross-sectional area, the cross-sectional area of a hexagonal with radius t + r - tdep minus
the cross-sectional area of the core with radius r divided by the total cross-sectional area of the
nanowire. Here, t is the total shell thickness, r is the core radius, and tdep is the depletion layer
thickness determined from Schr6dinger-Poisson simulations shown in Figure 5-13. If the
nanowire is entirely depleted, which occurs when t < tdep, then the conductivity of the nanowire
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would be the same as an undoped nanowire with an intrinsic carrier concentration N measured to
be ~ 10" cm 3 .
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Figure 5-14: Simulated conductivity of core-shell GaAs/n-GaAs nanowires at different shell
thickness and carrier concentrations assuming core radius = 50 nm and sn = 2000 cm 2/V-s.
Utilizing Equation 5-6, the dependence of expected conductivity on carrier concentration
and shell thickness can be calculated, as shown in Figure 5-14. These simulations were
performed using a core radius of 50 nm, an electron mobility of 2000 cm2/V-s, and a surface
potential of Ev + 0.84 V. As expected, the conductivity increases with increasing shell thickness
and falls to nearly zero when the shell thickness is less than the depletion layer thickness.
Applying this formula to the nanowires shown in Figure 5-11, the carrier concentration is 1.3 x
1017 cm-3 at a mobility of 2000 cm2/V-s. This value is within expectation. While the donor
concentrations of the shell-doped, Au-removed shell doped nanowires, and thin-film samples
should not have same donor concentrations, all samples are showing donor concentration on the
order of 1017 cm-3
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Precise determination of the carrier concentration would require precise measurement of
carrier mobility by Hall measurement. If the mobility is lower than 2000 cm 2/V-s, then the
magnitude of the conductivity will be scaled down. Moreover the precise value of
5.4 Conclusions
In this chapter doping via the deposition of an epitaxial doped shell was presented.
Undoped nanowires were shown to be semi-insulating with a carrier concentration less than 1012
cm-3. Growth conditions of 750'C, V/III ratio = 200, and IV/III ratio = 1/8 were chosen to
minimize the concentrations of autocompensating impurities. It was shown that if the Au seed
nanoparticle is present during the shell deposition step, conducted at 750'C for 5 min, an
unexpected rectification behavior was observed near the Au nanoparticle. A combination of
energy dispersive X-ray spectroscopy, current-voltage, capacitance-voltage, and Kelvin probe
force microscopy demonstrated that the observed rectification was caused by Au diffusing from
the Au nanoparticle and creating a nanowire segment depleted of free carriers. An equivalent
circuit and band diagram was presented to explain this. Understanding the adverse effect of gold
on n-type shell doping, a process was presented to remove the Au nanoparticle prior to shell
deposition and was shown to produce uniform n-type doping. Using the energy barriers
measured on rectifying nanowires, the conductivity of GaAs/n-GaAs nanowires was calculated
as a function of donor concentration and geometric factors taking into account the effects of
Fermi level pinning.
In all, a general method to achieve doping via the deposition of an epitaxial shell has
been presented. The adverse effect of the Au nanoparticle should also be present in other
semiconductor nanowire systems and the approach of preventing Au diffusion-depletion via Au
nanoparticle removal is also generalizable to other materials systems. These results represent a
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significant advancement in the understanding of doping in nanowire systems and should further
the development of functional devices based on core-shell nanowire heterostructures.
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Chapter 6. Conclusions
In summary, this thesis studied the growth and properties of core-shell GaAs/AlGaAs
nanowire heterostructures and accomplished the following three objectives. First the ability to
fabricate uniform vertically-aligned GaAs/AlGaAs nanowires was demonstrated. Second, the
structural, compositional, and core-shell interfacial properties of GaAs/AlGaAs nanowires were
characterized and shown to be defect-free, uniform and nearly atomically sharp, respectively.
Third, the adverse effect of the Au seed nanoparticle was understood and overcome yielding
uniform n-type shell doped GaAs nanowires.
Chapter 3 presented studies on fabricating uniform vertically-aligned arrays of GaAs
nanowires. The growth kinetics of nanowires were understood and optimized to control nanowire
morphology. The tapering rate (TR) was reduced to 1nm/pm by understanding that adatom
diffusion causes sidewall deposition [37]. The probability of vertical nanowire growth was
increased above 95% by growing nanowires on GaAs 11 1B and reducing the flow rate of Ga
precursor to ensure the VLS growth is limited by the Ga supply at the gold-substrate interface.
These results demonstrate that arrays of vertically-align GaAs nanowires can be produced,
making them viable candidates for integrated device applications [38].
Chapter 4 presented studies exploring the deposition and characterization of AlGaAs
shells on GaAs nanowires. The nanowire geometry was shown to be metastable at high
temperatures with morphological evolution occurring if individual nanowires were allowed to
come in physical contact with one another. The controlled growth of core-shell GaAs/AlGaAs
nanowire heterostructures was demonstrated. SEM measurements revealed that by growing
vertically-aligned nanowires at an aerial density below 1 nanowire/tm 2 the stability of the
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nanowire geometry was maintained and uniform faceted shells were deposited. EDX analyses
confirmed the core-shell morphology and consistently determined the shell to be AlxGaixAs with
x = 0.89 ± 0.03. Axial uniformity analysis demonstrated the shell to be of constant composition
with the shell thickness changing by 2 nm/gm. HAADF STEM and EDX analyses of cross-
sectional samples demonstrated the shell composition was the same on all six facets and that the
shell thickness changed by less than 2%. A three-dimensional reconstruction of the nanowire
provided further evidence of the compositional and morphological uniformity of the nanowires
in the axial and radial directions. BF-TEM and lattice resolved HAADF STEM structural
analysis demonstrates the core-shell interface to be epitaxial and atomically sharp. Measuring the
intensity of the profile of the HAADF image of the core-shell interface revealed the core-shell
interface sharpness to be 1.4 nm, which can be attributed to either compositional grading or core-
shell interfacial roughness.
Chapter 5 presented studies on n-type doping via the deposition of a doped shell. These
results highlighted the adverse effect of the Au seed nanoparticle and demonstrated that doping
can be achieved in radial heterostructures [40]. Undoped nanowires were shown to be semi-
insulating with a carrier concentration less than 1012 cm-3. Growth conditions of 750'C, V/III
ratio = 200, and IV/III ratio = 1/8 were chosen to minimize the concentrations of
autocompensating impurities. It was shown that if the Au seed nanoparticle is present during the
shell deposition step, conducted at 750'C for 5 min, an unexpected rectification behavior was
observed near the Au nanoparticle. A combination of energy dispersive X-ray spectroscopy,
current-voltage, capacitance-voltage, and Kelvin probe force microscopy demonstrated that the
observed rectification was caused by Au diffusing from the seed nanoparticle and creating a
nanowire segment depleted of free carriers. An equivalent circuit and band diagram was
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presented to explain the observed rectifying behavior. Understanding the adverse effect of gold
on n-type shell doping, a process was presented to remove the Au nanoparticle prior to shell
deposition and was shown to produce uniform n-type doping. Using the energy barriers
measured on rectifying nanowires, the conductivity of GaAs/n-GaAs nanowires was calculated
as a function of donor concentration and geometric factors taking into account the effects of
Fermi level pinning.
6.1 Research impact & suggested future directions.
These results demonstrate that core-shell GaAs/AlGaAs nanowires may be fabricated
with precise control over morphology, composition, structure, and electronic properties. The
control demonstrated over all of these parameters is sufficient enough for core-shell nanowires to
be considered candidates for high mobility electronics.
Use of the methods demonstrated in this thesis, or recently published reports methods of
GaAs/AlGaAs fabrication by selective area epitaxy (SAE) [109], should enable a renewed study
of quasi-one-dimensional conduction in the GaAs/AlGaAs system. Following the work done in
the 1970s and 1980s on quasi-two-dimensional conduction, the most promising approach to
studying quasi-one-dimensional conduction would be to grow the nanowire by MOCVD, since
the precursor decomposition step is crucial to producing the high aspect ratio structures reported
in this thesis, then depositing the shell by molecular beam epitaxy (MBE) to achieve the best
purity and crystalline quality. For studies of quasi-one-dimensional conduction, the use of Au-
grown nanowires is more appropriate than SAE since SAE-grown nanowires have not been
demonstrated with diameters less than 60nm [41].
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Figure 6-1: Band diagram and proposed structure of core-shell GaAs/AlGaAs structure.
A suggested test structure is shown in Figure 6-1. The GaAs nanowire is grown by the
Au-mediated VLS mechanism in MOCVD. The sample is then removed from the growth
chamber, the Au seed particle is removed, and the nanowire is reinserted into the growth
chamber for shell deposition. This growth chamber can be either a MOCVD or an MBE. In this
context, the VLS -grown nanowire is analogous to a semi-insulating substrate providing a quasi-
one-dimensional template for epitaxial layer growth. The suggested shell deposition sequence is
GaAs/AlGaAs/n-AlGaAs/n-GaAs. The first two layers create the channel. The thickness of these
layers will depend on the shell composition, but following the literature from thin-film work
[93]. The AlGaixAs should have x = 0.25 to provide the most electron confinement without
introducing DX centers. At this composition, the suggested thicknesses for each layer are 20nm
for the GaAs and 1 Onm for the AlGaAs to provide sufficient confinement for the electron
wavefunction. The n-AlGaAs donor layer provides carriers to the device. Based on thin film
literature the aluminum fraction should be the same or higher in this layer to ensure than free
electrons will drift from the donor layer to the potential well. Based on the results of this thesis,
the carrier concentrations in the donor layers should be greater than 1018 cm-3 and the thickness of
the AlGaAs should be greater than 50nm. The final layer, an ne-GaAs capping layer is simply to
aid contact formation. It should be about 5nm thick and as heavily doped as possible.
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This work creates the materials science toolkit needed to use n-type doped core-shell
GaAs/AlGaAs nanowires to study reduced dimensionality on electronic conduction and develop
core-shell nanowire electronics. In so doing, it also creates the possibilities for other applications
as well.
Nanowires embedded in polymer
Figure 6-2: Schematic of nanowires embedded in organic materials for a solar cell.
These arrays can be used as a template to produce aligned single-crystalline material
embedded within organic materials [29], as shown in Figure 6-2. Initial results in this direction
have already demonstrated that vertical GaAs nanowire arrays may be a cost-effective way to
integrate single-crystalline semiconductor material with efficient light absorption with polymeric
solar cells [134].
The characterization techniques presented in Chapter 4 are broadly applicable to all core-
shell nanowires and the structural results prove the capability of bottom-up core-shell nanowires
to produce a nanowire free of the many structural imperfections that hindered quasi-one-
dimensional conduction studies using top-down nanowires. Moreover, the powerful
characterization techniques presented in Chapter 4 combined with recent theoretical results
suggesting that use of a GaAs nanowire core with diameter less than 20 nm may increase the
critical thickness for dislocation-formation of InxGaiAs on GaAs by a factor of 2 at all values of
x, creates a unique platform [94] to study strain accommodation of the integration of highly
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misfit materials. Future work should attempt to apply the core-shell fabrication methods
presented in Chapter 4, reduce the core diameter down to below 30 nm, fabricate GaAs/InGaAs
nanowires at various shell thicknesses and compositions and determine the critical dimensions
for dislocation formation. These results can be compared with theoretical models to ensure the
full thermodynamics are captured in the models. Then, using convergent beam electron
diffraction (CBED) the position dependence of the strain accommodation can be studied in order
to develop a complete understanding of strain accommodation in nanowire heterostructures.
Lastly, the adverse effect of the Au nanoparticle should also be present in other
semiconductor nanowire systems and the approach of preventing Au diffusion-depletion via Au
nanoparticle removal is also generalizable to other materials systems. These results represent a
significant advancement in the understanding of doping in nanowire systems. The demonstration
that removal of Au prior to shell deposition prevents the adverse effects of Au should further the
development of functional devices based on core-shell nanowire heterostructures. A large
obstacle to the commercialization of Au-grown nanowires is the presence of the Au nanoparticle.
However, being able to grow nanowires then remove the Au nanoparticles post-growth is a
significant step towards overcoming this obstacle. In summary, this thesis provides the materials
science toolkit required to use core-shell GaAs/AlGaAs nanowires to study mobility and electron
transport in lower dimensional systems and develop high mobility applications.
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Appendix A: Nanowire contacting: example pattern file
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Example pattern file for nanowires dropped onto predefined grid (green), mapped, and aligned
contacts (gray) defined.
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Appendix B: Matlab code for core-shell EDX modeling
function output=EDXProfileEhexagonal(param,xdata)
%fit includes Gaussian broadening of the electron beam
%fit of the Al and Ga profiles simultaneously of the hexagonal AlGaAs core-
shell nanowires with different Al concentration in core and shell for the
following parameters:
% param[l1]= R1, big side
% param[2]= R2, small side (core)
% param[3]= starting x
% param[4]= calibration for Al (multiplication number for counts)
% param[5]= calibration for Ga (multiplication number for counts)
% param[6]= concentration of Al in shell
% param[7]= concentration of Al in core
R1=param(1);
R2=param(2);
xO=param(3);
CalGa=param(4);
CalAl=param(5);
Alshell=param(6);
Alcore=param(7);
broad=0.5;
[tmp,sizedata]=size(xdata);
data=xdata-xO;
%define border points
xl=Rl/2;
x2=1.5*Rl;
x3=Rl*2;
x4=Rl-R2;
x5=Rl-0.5*R2;
x6=Rl+0.5*R2;
x7=Rl+R2;
%calculation of the thickness of the wire (core and the total wire)
for i= 1:sizedata
x=data(i);
%definition of the thickness of the total wire for different x positions
if data(i) < 0
rezultat(i,1) = 0;
elseif data(i)<= xl
rezultat(i,l) = x*sqrt(3);
elseif data(i)<= x2
rezultat(i,l) =Rl*(sqrt(3)/2);
elseif data(i)<= x3
rezultat(i,1) = sqrt(3)* (2*R1-x);
else
rezultat (i, 1) =0;
end
%definition of the thickness of the inner core for x positions
if data(i) < x4
rezultat(i,2) = 0;
elseif data(i) <= x5
rezultat(i,2)=sqrt(3)* (x+R2-Rl);
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elseif data(i)<= x6
rezultat(i,2) =
elseif data(i)<= x7
rezultat(i,2) =
R2* (sqrt (3) /2) ;
(R1+R2-x) *sqrt (3);
else
rezultat (i, 2)=0;
end
%Al concentration
rezultat(i,3)=Alshell* (rezultat(i,1)-
rezultat(i,2))+Alcore*rezultat(i,2);
Alcore)
end
%Ga concentration
rezultat(i,4)=(1-Alshell)* (rezultat(i,1)-rezultat(i,2))+(1-
*rezultat(i,2);
%influence of the beam broadening
sx=data;
syAl=rezultat(:,3);
syGa=rezultat(:,4);
%define beam broadening
for i=:sizedata
xO=sx(i);
for j=l:sizedata
Alconv(j)= (1/(sqrt(2*pi)*broad))*exp((-((xO-
sx(j))/broad)^2)/2)*syAl(j);
Gaconv(j)= (1/(sqrt(2*pi)*broad))*exp((-((xO-
sx (j) ) /broad) ^2) /2) *syGa (j)
end
%integrate at each x contribution from the beam broadening
rezultat(i,5)=trapz(sx,Alconv);
rezultat(i,6)=trapz(sx,Gaconv);
end
%final result
reztemp(:,1)=CalAl*rezultat(:,5);
reztemp(:,2)=CalGa*rezultat(:,6);
output=reztemp;
function izlaz=plotsve (x,all,param)
hold off;
plot(x,all(:,1),'*','color','red');
xlabel ('position (nm) ');
ylabel('counts');
hold on;
plot(x,all(:,2),'*','color','blue');
fit=EDXProfileVhexagonal(param,x');
%fit=EDXProfileECrosssection(param,x');
plot(x,fit(:,2),'color','magenta');
plot(x,fit(:,1),'color','green');
izlaz=1;
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List of Abbreviations
BDMA Benzyldimethylamine
CCD charged coupled device
C-V capacitance-voltage
DCE Dichloroethane
DDSA Dodecenyl succinic anhydride
DI Deionized
EBL Electron beam lithography
EDX Energy dispersive X-ray spectoscopy
EM Electron microscopy
FT Fourier transform
HAADF High angle annular dark field
HF Hydrofluoric acid
IPA Isopropyl alcohol
I-V Current-voltage
KPFM Kelvin probe force microscopy
MMA Methyl methacrylate
MOCVD Metal organic chemical vapor deposition
NMA N-Methylnadic anhydride
PMMA Poly-(methyl methacrylate)
RTA Rapid thermal annealing
SAD Selected area diffraction
SEM Scanning electron microscopy
SPM Scanning probing microscopy
STEM Scanning transmission electron microscopy
TEM Transmission electron microscopy
TLM Transmission line method
TMA Trimethyl aluminum
TMG Trimethyl gallium
VLS Vapor-liquid-solid
VS Vapor-solid
149
This Page Left Intentionally Blank
150
References
1. Feynman, R.P., There's Plenty of Room at the Bottom: An Invitation to Enter a New Field
of Physics, in APS Annual Meeting Proceedings. 1959.
2. Miller, J., Societal Implications ofNanotechnology. 2001, National Science Foundation.
3. Dingle, R., H.L. Stormer, A.C. Gossard, and W. Wiegmann, "Electron mobilities in
modulation-doped semiconductor heterojunction superlattices". Applied Physics Letters
33 665-667 (1978)
4. Mimura, T., S. Hiyamizu, T. Fujii, and K. Nanbu, "A New Field-Effect Transistor with
Selectively Doped GaAs/n-AlGalAs Heterojunctions". Japanese Journal ofApplied
Physics 19 L225 (1980)
5. Thornton, T.J., M. Pepper, H. Ahmed, D. Andrews, and G.J. Davies, "One-Dimensional
Conduction in the 2D Electron Gas of a GaAs-AlGaAs Heterojunction". Physical Review
Letters 56 1198 (1986)
6. Hoyt, J.L., P. Hashemi, and L. Gomez, "Prospects for Top-Down Fabricated Uniaxial
Strained Nanowire MOSFETs". SiGe, Ge, and Related Compounds: Materials,
'Processing, and Devices 16 731-734 (2008)
7. Borgstrom, M.T., M.A. Verheijen, G. Immink, T. de Smet, and E.P.A.M. Bakkers,
"Interface study of heterostructured GaP-GaAs nanowires". Nanotechnology 17 4010-
4013 (2006)
8. Li, Y., J. Xiang, F. Qian, S. Grade'ak, Y. Wu, H. Yan, D.A. Blom, and C.M. Lieber,
"Dopant-Free GaN/ALN/AlGaN Radial Nanowire Heterostructures as High Electron
Mobility Transistors". Nano Letters 6 1468-1473 (2006)
9. Xiang, J., W. Lu, Y. Hu, Y. Wu, H. Yan, and C.M. Lieber, "Ge/Si nanowire
heterostructures as high-performance field-effect transistors". Nature 441 489--493
(2006)
10. Liang, G., J. Xiang, N. Kharche, G. Klimeck, C.M. Lieber, and M. Lundstrom,
"Performance Analysis of a Ge/Si Core/Shell Nanowire Field-Effect Transistor". Nano
Letters 7 642-646 (2007)
11. Boukai, A.I., Y. Bunimovich, J. Tahir-Kheli, J.K. Yu, W.A. Goddard, and J.R. Heath,
"Silicon nanowires as efficient thermoelectric materials". Nature 451 168-171 (2008)
12. Hochbaum, A.I., R.K. Chen, R.D. Delgado, W.J. Liang, E.C. Garnett, M. Najarian, A.
Majumdar, and P.D. Yang, "Enhanced thermoelectric performance of rough silicon
nanowires". Nature 451 163 (2008)
13. Ando, S., S.S. Chang, and T. Fukui, "Selective epitaxy of GaAs/AlGaAs on (111) B
substrates by MOCVD and applications to nanometer structures". Journal of Crystal
Growth 115 69--73 (1991)
14. Fanfair, D.D. and B.A. Korgel, "Bismuth nanocrystal-seeded Ill-V semiconductor
nanowire synthesis". Crystal Growth & Design 5 1971-1976 (2005)
15. Wagner, R.S. and W.C. Ellis, "Vapor-Liquid-Solid Mechanism of Single Crystal
Growth". Applied Physics Letters 4 89-90 (1964)
16. Duan, X., J. Wang, and C.M. Lieber, "Synthesis and optical properties of gallium
arsenide nanowires". Applied Physics Letters 76 1116-1118 (2000)
151
17. Hiruma, K., K. Haraguchi, M. Yazawa, Y. Madakoro, and T. Katsuyama, "Nano-metre
sized gallium arsenide wires grown by organo-metalic vapor-phase epitaxy".
Nanotechnology 17 S369-S375 (2006)
18. Goldberger, J., A.I. Hochbaum, R. Fan, and P. Yang, "Silicon Vertically Integrated
Nanowire Field Effect Transistors". Nano Letters 6 973-977 (2006)
19. Cha, S., J. Jang, Y. Choi, G. Amaratunga, G. Ho, M. Welland, D. hasko, D.-J. Kang, and
J. Kim, "High performance ZnO nanowire field effect transistor using self-aligned
nanogap gate electrodes". Applied Physics Letters 89 263102 (2006)
20. Bryllert, T., L. Wernersson, L. Froeberg, and L. Samuelson, "Vertical High-Mobility
Wrap-Gated InAs Nanowire Transistor". IEEE Electron Device Letters 27 0741 (2006)
21. Chau, R., S. Datta, M. Doczy, B. Doyle, B. Jin, J. Kavalieros, A. Majumdar, M. Metz,
and M. Radosavljevic, "Benchmarking nanotechnology for high-performance and low-
power logic transistor applications". Nanotechnology, IEEE Transactions on 4 153 -- 158
(2005)
22. Ng, H.T., J. Han, T. Yamada, P. Nguyen, Y.P. Chen, and M. Meyyappan, "Single Crystal
Nanowire Vertical Surround-Gate Field-Effect Transistor". Nano Letters 4 1247-1252
(2004)
23. Thelander, C., T. MArtensson, M.T. Bjork, B.J. Ohlsson, M.W. Larsson, L.R.
Wallenberg, and L. Samuelson, "Single-electron transistors in heterostructure
nanowires". Applied Physics Letters 83 2052-2054 (2003)
24. Cu, Y., Z. Zhong, D. Wang, W.U. Wang, and C.M. Lieber, "High Performance Silicon
Nanowire Field Effect Transistors". Nano Letters 3 149 (2003)
25. Qian, F., S. Grade'ak, Y. Li, C.-Y. Wen, and C.M. Lieber, "Core/Multishell Nanowire
Heterostructures as Multicolor, High-Efficiency Light-Emitting Diodes". Nano Letters 5
2287-2291 (2005)
26. Zhou, H., M. Wissinger, J. Fallert, R. Hauschild, F. Stelzl, C. Klingshirn, and H. Kalt,
"Ordered, uniform-sized ZnO nanolaser arrays". Applied Physics Letters 91 181112
(2007)
27. Grade'ak, S., F. Qian, Y. Li, H.-G. Park, and C.M. Lieber, "GaN nanowire lasers with
low lasing thresholds". Applied Physics Letters 87 173111 (2005)
28. Huang, M.H., S. Mao, H. Feick, H. Yan, Y. Wu, H. Kind, E. Weber, R. Russo, and P.
Yang, "Room-Temperature Ultraviolet Nanowire Nanolasers". Science 292 1897--1899
(2001)
29. Kelzenberg, M.D., S.W. Boettcher, J.A. Petykiewicz, D.B. Turner-Evans, M.C. Putnam,
E.L. Warren, J.M. Spurgeon, R.M. Briggs, N.S. Lewis, and H.A. Atwater, "Enhanced
absorption and carrier collection in Si wire arrays for photovoltaic applications". Nature
Materials 9 239-244 (2010)
30. Bi, H. and R.R. Lapierre, "A GaAs nanowire/P3HT hybrid photovoltaic device".
Nanotechnology 20 465205 (2009)
31. Chen, C., S. Shehata, C. Fradin, R. LaPierre, C. Couteau, and G. Weihs, "Self-Directed
Growth of AlGaAs Core-Shell Nanowires for Visible Light Applications". Nano Lett. 7
2584-2589 (2007)
32. Ouattara, L., A. Mikkelsen, N. Sk~ld, J. Eriksson, T. Knaapen, E. Cavar, W. Seifert, L.
Samuelson, and E. Lundgren, "GaAs/AlGaAs Nanowire Heterostructures Studied by
Scanning Tunneling Microscopy". Nano Letters 7 2859 (2007)
152
33. Kalliakos, S., C.P. Garcia, V. Pellegrini, M. Zamfirescu, L. Cavigli, M. Gurioli, A.
Vinattieri, A. Pinczuk, B.S. Dennis, L.N. Pfeiffer, and K.W. West, "Photoluminescence
of individual doped GaAs/AlGaAs nanofabricated quantum dots". Applied Physics
Letters 90 181902 (2007)
34. Tateno, K., H. Gotoh, and Y. Watanabe, "Multi-Quantum Structures of GaAs/AlGaAs
Free-Standing Nanowires". Japanese Journal ofApplied Physics 45 3568-3572 (2006)
35. Noborisaka, J., J. Motohisa, S. Hara, and T. Fukui, "Fabrication and characterization of
freestanding GaAs/AlGaAs nanowires and AlGaAs nanotubes by using selective-area
metalorganic vapor phase epitaxy". Applied Physics Letters 87 093109 (2005)
36. Tambe, M.J., L.F. Allard, and S. Gradecak, "Characterization of core-shell GaAs/AlGaAs
nanowire heterostructures using advanced electron microscopy". Journal ofPhysics:
Conference Series 209 012033 (2009)
37. Lim, S.K., M.J. Tambe, M.M. Brewster, and S. Gradecak, "Controlled Growth of Ternary
Alloy Nanowires Using Metalorganic Chemical Vapor Deposition". Nano Letters 8 1386
(2008)
38. Tseng, C.H., M.J. Tambe, S.K. Lim, M.J. Smith, and S. Gradecak, "Position controlled
nanowire growth through Au nanoparticles synthesized by galvanic reaction".
Nanotechnology (2010)
39. Tambe, M.J., S.K. Lim, M.J. Smith, L. Allard, and S. Gradecak, "Realization of defect-
free epitaxial core-shell GaAs/AlGaAs nanowire heterostructures.". Applied Physics
Letters 93 151917 (2008)
40. Tambe, M.J., S. Ren, and S. Gradecak, in preparation (2010)
41. Ikejiri, K., J. Noborisaka, S. Hara, J. Motohisa, and T. Fukui, "Mechanism of catalyst-
free growth of GaAs nanowires by selective area MOVPE". Journal of Crystal Growth
298 616--619 (2007)
42. Martelli, F., M. Piccin, G. Bais, F. Jabeen, S. Ambrosini, S. Rubini, and A. Franciosi,
"Photoluminescence of Mn-catalyzed GaAs nanowires grown by molecular beam
epitaxy". Nanotechnology 18 125603 (2007)
43. Chen, C., M. Plante, C. Fradin, and R. LaPierre, "Layer-by-layer and step-flow growth
mechanisms in GaAsP/GaP nanowire heterostructures". Journal of Materials Research
21 2801 -- 2809 (2006)
44. Hang, Q.L., D.A. Hill, and G.H. Bernstein, "efficient removers for
poly(methylmethacrylate)". Journal of Vacuum Science and Technology B 21 91-97
(2003)
45. Sun, Y.G. and G.P. Wiederrect, "Surfactantless synthesis of silver nanoparticles and their
application in SERS". Small 3 1964-1975 (2007)
46. Oskam, G., J.G. Long, A. Natarajan, and P.C. Searson, "Electrochemical deposition of
metals onto silicon". Journal ofPhysics D - Applied Physics 31 1927-1949 (1998)
47. Stringfellow, G.B., Organometallic vapor phase epitaxy: theory and practice. 1999:
Academic press.
48. Borgstrom, M.T., G. Immink, B. Ketelaars, R. Algra, and E.P.A.M. Bakkers, "Synergetic
nanowire growth". Nature Nanotechnology 2 541 (2007)
49. Thompson, C.V., Chemical Vapor Deposition. 2006: 3.44 Notes.
50. Quitoriano, High-quality InP on GaAs. PhD Thesis in Materials Science and Engineering,
Massachusetts Institute of Technology.2006.
153
51. Williams, D.B. and C.B. Carter, Transmission Electron Microscopy: A Textbookfor
Materials Science. 1996, New York City: Plenium Press.
52. Gradecak, S., Structural and Optical Properties of Laterally Overgrown Gallium Nitride
Studied By Electron Microscopy. PhD Thesis in Physics, Ecole Polytechnique Federal
Lausanne.2003.
53. Purcell, E.M., Electricity and Magnetism. Berkeley Physics Course ed. S. Zlotnick and
J.W. Bradley. Vol. 2. 1985, Boston: McGraw-Hill.
54. Loong, W.-A. and H.-L. Chang, "Oxidation of GaAs Surface by Oxygen Plasma and Its
Application as an Antireflection Layer". Japanese Journal ofApplied Physics 30 L1319
55. van der Pauw, L.J., "A method of measuring the resisitivity and hall co-efficient on
lamellae of arbitrary shape". Phillips Technical Reports 20 220-224 (1958)
56. Pierret, R.F., Semiconductor Device Fundamentals. 1995: Prentice Hall.
57. Haraguchi, K., K. Hiruma, T. Katsuyama, K. Tominaga, M. Shirai, and T. Shimada,
"Self-organized fabrication of planar GaAs nanowhisker arrays". Applied Physics Letters
69 386-387 (1996)
58. Borgstrom, M.T., K. Deppert, L. Samuelson, and W. Seifert, "Size- and shape-controlled
GaAs nano-whiskers grown by MOVPE: a growth study". Journal of Crystal Growth 260
18 (2004)
59. Paiano, P., P. Prete, N. Lovergine, and A.M. Mancini, "Size and shape control of GaAs
nanowires grown by metalorganic vapor phase epitaxy using tertiarybutylarsine". Journal
of Applied Physics 100 094305 (2006)
60. Jong, E.D., R.R. LaPierre, and J.Z. Wen, "Detailed modelling of the epitaxial growth of
GaAs nanowires". Nanotechnology 21 045602 (2010)
61. Harmand, J.C., G. Patriarche, N. Pdre-Laperne, M.-N. Mdrat-Combes, L. Travers, and F.
Glas, "Analysis of vapor-liquid-solid mechanism in Au-assisted GaAs nanowire growth".
Applied Physics Letters 87 203101 (2005)
62. Wacaser, B.A., K. Deppert, L.S. Karlsson, L. Samuelson, and W. Seifert, "Growth and
characterization of defect free GaAs nanowires". Journal of Crystal Growth 287 504--
508 (2006)
63. Gottschalch, V., G. Leibiger, G. Benndorf, H. Herrnberger, and D. Spemann, "Intrinsic
carbon doping of AlGaAs for InGaAs laser structures X&~1.17 tm". Journal of Crystal
Growth 272 642-649 (2004)
64. Jiran, E. and C.V. Thompson, "Capillary Instabilities in Thin-Films". Journal of
Electronic Materials 19 1153-1160 (1990)
65. Giermann, A.L. and C.V. Thompson, "Solid-state dewetting for ordered arrays of
crystallographically oriented metal particles". Applied Physics Letters 86 121903 (2005)
66. Balluffi, R.W., S.A. Allen, and W.C. Carter, Kinetics of Materials. 2007: Wiley.
67. Kayes, B.M., M.A. Filler, M.C. Putnam, M.D. Kelzenberg, N.S. Lewis, and H.A.
Atwater, "Growth of vertically aligned Si wire arrays over large areas (>1 cm 2) with Au
and Cu catalysts". Applied Physics Letters 91 103110 (2007)
68. Bell, D.C., Y. Wu, C.J. Barrelet, S. Gradecak, J. Xiang, B.P. Timko, and C.M. Lieber,
"Imaging and analysis of nanowires". Microscopy Research and Technique 64 373-389
(2004)
69. Soci, C., X.-Y. Bao, D.P.R. Alpin, and D. Wang, "A Systematic Study on the Growth of
GaAs Nanowires by Metal-Organic Chemical Vapor Deposition". Nano Letters 8 4275-
4282 (2008)
154
------- 111.1_1
70. Joyce, H.J., Q. Gao, H.H. Tan, C. Jagadish, Y. Kim, X. Zhang, Y. Guo, and J. Zou,
"Twin-Free Uniform Epitaxial GaAs Nanowires Grown by a Two-Temperature Process".
Nano Lett. 7 921-926 (2007)
71. Kolanski, B.A., "Catalytic growth of nanowires: Vapor-liquid-solid, vapor-solid-solid,
solution-liquid-solid and solid-liquid-solid growth". Curent Opinions in Solid State
Materials Science 10 182 (2006)
72. Barcz, A.J., "Kinetic model of Au-GaAs interfacial reaction". Journal ofApplied Physics
74 3172 (1993)
73. Dick, K.A., K. Deppert, L.S. Karlsson, L.R. Wallenberg, L. Samuelson, and W. Seifert,
"A New Understanding of Au-Assisted Growth of III-V Semiconductor Nanowires".
Advanced Functional Materials 15 1603-1610 (2005)
74. Reep, D.H. and S.K. Ghandhi, "Deposition of GaAs Epitaxial Layers by Organometallic
CVD". Journal of The Electrochemical Society 130 675 (1983)
75. Glas, F., J.-C. Harmand, and G. Patriarche, "Why Does Wurzite Form in Nanowires of
III-V Zince Blende Semiconductors". Physical Review Letters 99 146101 (2007)
76. Fortuna, S.A., J.G. Wen, I.S. Chun, and X.L. Li, "Planar GaAs Nanowires on GaAs (100)
Substrates: Self-Aligned, Nearly Twin-Defect Free, and Transfer-Printable". Nano
Letters 8 4421-4427 (2008)
77. Massalki, T.B. and H. Okamoto. Binary Alloy Phase Diagrams. 1990.
78. Navarro-Quezada, A., A.G. Rodriguez, M.A. Vidal, and H. Navarro-Contreras, "In-plane
and out-of-plane lattice parameters of [1 1 n] epitaxial strained layers". Journal of Crystal
Growth 291 340-347 (2006)
79. Sato, T., I. Tamai, and H. Hasegawa, "Growth kinetics and theoretical modeling of
selective molecular beam epitaxy for growth of GaAs nanowires on nonplanar (001) and
(111 )B substrates". Journal of Vacuum Science & Technology B 23 1706-1713 (2005)
80. Lauhon, L.J., M.S. Gudiksen, D. Wang, and C.M. Lieber, "Epitaxial core-shell and core-
multishell nanowire heterostructures". Nature 420 57--61 (2002)
81. Qian, F., Y. Li, S. Grade'ak, D. Wang, C.J. Barrelet, and C.M. Lieber, "Gallium Nitride-
Based Nanowire Radial Heterostructures for Nanophotonics". Nano Letters 4 1975
(2004)
82. Titova, L.V., T.B. Hoang, H.E. Jackson, L.M. Smith, J.M. Yarrison-Rice, and Y. Kim,
"Temperature dependence of photoluminescence from single core-shell GaAs-AlGaAs
nanowires". Applied Physics Letters 89 173126 (2006)
83. Hoang, T.B., L.V. Titova, J.M. Yarrison-Rice, H.E. Jackson, A.O. Govorov, Y. Kim, H.J.
Joyce, H.H. Tan, C. Jagadish, and L.M. Smith, "Resonant Excitation and Imaging of
Nonequilibrium Exciton Spins in Single Core-Shell GaAs-AlGaAs Nanowires". Nano
Letters 7 588-595 (2007)
84. Schmidt, V., P.C. Mclntryre, and U. Gbsele, "Morphological instability of misfit-strained
core-shell nanowires". Physical Review B 77 235302 (2008)
85. Givargizov, E.I., "Periodic Instability in Whisker Growth". Journal of Crystal Growth 20
217 (1973)
86. Kolb, F.M., H. Hofmeister, M. Zacharias, and U. Gosele, "On the morpholical instabilty
of silicon/silicon dioxide nanowires". Applied Physics A 80 1405-1408 (2005)
87. Tateno, K., H. Gotoh, and Y. Watanabe, "GaAs/AlGaAs nanowires capped with AlGaAs
layers on GaAs(31 1)B substrates". Applied Physics Letters 85 1808 (2004)
155
88. Nichols, F.A. and W.W. Mullins, "Surface- (Interface-) and Volume-Diffusion
Contributions to Morphological Changes Driven by Capillarity". Transactions of the
Metallurgical Society of AIME 233 1840-1848 (1965)
89. Joy, D.C., A.D. Romig, and J. Goldstein, Principals ofAnalytical Electron Microscopy.
1986.
90. Garratt-Reed, A.J. and D.C. Bell, Energy Dispersive X-ray Analysis. Microscopy
Handbook. 2003: Garland Publishing.
91. Renard, V.T., M. Jublot, P. Gergaud, P. Cherns, D. Rouchon, A. Chabli, and V.
Jousseaume, "Catalyst preparation for CMOS-compatible silicon nanowire synthesis".
Nature Nanotechnology 4 654-657 (2009)
92. Peng, Y., P.D. Nellist, and S.J. Pennycook, "HAADF-STEM imaging with sub-angstrom
probes: a full Bloch wave analysis". Journal ofElectron Microscopy 53 257-266 (2004)
93. Nguyen, L.D., L.E. Larson, and U.K. Mishra, "Ultra-high speed modulation-doped field-
effect transistors: a tutorial review". Proceedings of the IEEE 80 494--518 (1992)
94. Raychaudhuri, S. and E.T. Yu, "Calculation of critical dimensions for wurtzite and cubic
zinc blende coaxial nanowire heterostructures". Journal of Vacuum Science and
Technology B 24 2053 (2006)
95. Liang, Y., W.D. Nix, P.B. Griffin, and J.D. Plummer, "Critical thickness enhancement of
epitaxial SiGe filsm grown on small structures". Journal ofApplied Physics 97 043519
(2005)
96. Thomas, J.M. and P.A. Midgley, "High-resolution transmission electron microscopy: the
ultimate nanoanalytical technique". Chemical Communications 1253-1267 (2004)
97. Henini, M., P.A. Crump, P.J. Rodgers, G.B. L., A.J. Vickers, and H. G., Journal of
Crystal Growth 150 446 (1995)
98. Duan, X., C. Niu, V. Sahi, J. Chen, J.W. Parce, S. Empedocles, and J.L. Goldman, "High-
performance thin-film transistors using semiconductor nanowires and nanoribbons".
Nature 425 274--278 (2003)
99. Greytak, A.B., C.J. Barrelet, Y. Li, and C.M. Lieber, "Semiconductor nanowire lasers
and nanowire electro-optic modulators". Applied Physics Letters 87 151103 (2005)
100. Bjork, M.T., B.J. Ohlsson, C. Thelander, A.I. Persson, K. Deppert, L.R. Wallenberg, and
L. Samuelson, "Nanowire resonant tunneling diodes". Applied Physics Letters 92 4458
(2008)
101. Ho, T.T., Y.F. Wang, S. Eichfeld, K.K. Lew, B.Z. Liu, S.E. Mohney, J.M. Redwing, and
T.S. Mayer, "In Situ Axially Doped n-Channel Silicon Nanowire Field-Effect
Transistors". Nano Letters 8 4359-4364 (2008)
102. Majumdar, S., S. Mandal, A.K. Das, and S.K. Ray, "Synthesis and temperature dependent
photoluminescence properties of Mn doped Ge nanowires". Journal ofApplied Physics
105 024302 (2009)
103. Perea, D.E., E.R. Hernesath, E.J. Schwalbach, J.L. Lensch-Falk, P.W. Voorhees, and L.J.
Lauhon, "Direct measurement of dopant distribution in an individual vapour-liquid-solid
nanowire". Nature Nanotechnology 4 315-319 (2009)
104. Duan, X., Y. Huang, Y. Cui, J. Wang, and C.M. Lieber, "Indium phosphide nanowires as
building blocks for nanoscale electronic and optoelectronic devices". Nature 409 66--69
(2001)
156
105. Gutsche, C., I. Regolin, K. Blekker, A. Lysov, W. Prost, and F.J. Tegude, "Controllable
p-type doping of GaAs nanowires during vapor-liquid-solid growth". Journal ofApplied
Physics 105 024305 (2009)
106. Kim, T.-J. and H. P.H., "Ohmic Contacts to GaAs Epitaxial Layers". Critical Reviews in
Solid State and Materials Sciences 22 239 (1997)
107. Bao, X.Y., C. Soci, D. Susac, J. Bratvold, D.P.R. Aplin, W. Wei, C.Y. Chen, S.A. Dayeh,
K.L. Kavanagh, and D.L. Wang, "Heteroepitaxial Growth of Vertical GaAs Nanowires
on Si (111) Substrates by Metal-Organic Chemical Vapor Deposition". Nano Letters 8
3755-3760 (2008)
108. Schwalbach, E.J. and P.W. Voorhees, "Doping nanowires grown by the vapor-liquid-
solid mechanism". Applied Physics Letters 95 063105 (2009)
109. Sladek, K., V. Klinger, J. Wensorra, M. Akabori, H. Hardtdegen, and D. Grutzmacher,
"MOVPE of n-doped GaAs and modulation doped GaAs/AlGaAs nanowires". Journal of
Crystal Growth 312 635-640 (2010)
110. Lu, W., J. Xiang, B.P. Timko, Y. Wu, and C.M. Lieber, "One-dimensional hole gas in
germanium/silicon nanowire heterostructures". Proceedings of the National Academy of
Sciences 102 10046 (2005)
111. Li, H.Y., 0. Wunnicke, M.T. BorgstrATm, W.G.G. Immink, M.H.M. van Weert, M.A.
Verheijen, and E.P.A.M. Bakkers, "Remote p-Doping of InAs Nanowires". Nano Letters
7 1144-1148 (2007)
112. Adachi, S., "GaAs, AlAs, and AlGaAs: Material parameters for use in research and
device applications". Journal ofApplied Physics 58 R1-R29 (1985)
113. Palacios, T., Heterostructure Field Effect Transistors, unpublished. 2008.
114. Chen, C.H., U.M. Gosele, and T.Y. Tan, "Thermal equilibrium concentrations of the
amphoteric dopant Si and the associated carrier concentrations in GaAs". Journal of
Applied Physics 86 5376-5384 (1999)
115. Newman, R.C., "The upper limits of useful n- and p-type doping in GaAs and AlAs".
Materials Science and Engineering B-Solid State Materials for Advanced Technology 66
39-45 (1999)
116. Reznitchenko, M.F., L.A. Borisova, and A.I. Saprikin, "The State of Oxygen and its
Interaction with Silicon Impurity in GaAs". Materials Research Bulletin 21 77-84 (1986)
117. Alt, H.C., "Experimental Evidence for a Negative-U Center in Gallium Arsenide Related
to Oxygen". Physical Review Letters 65 3421-3424 (1990)
118. Arulkumaran, S., J. Arokiaraj, M. Udhayasankar, P. Santhanaraghavan, J. Kumar, and P.
Ramasamy, "Investigations on Au, Ag, and Al Schottky Diiodes on Liquid Encapsulated
Czochralski-grown n-GaAs[100]". Journal of Electronic Materials 24 813-817 (1995)
119. Vinaji, S., A. Lochthofen, W. Mertin, I. Regolin, C. Gutsche, W. Prost, F.J. Tegude, and
G. Bacher, "Material and doping transitions in single GaAs-based nanowires probed by
Kelvin probe force microscopy". Nanotechnology 20 385702 (2010)
120. Persson, A.I., M.W. Larsson, S. Stenstrom, B.J. Ohlsson, L. Samuelson, and L.R.
Wallenberg, "Solid-phase diffusion mechanism for GaAs nanowire growth". Nature
Materials 3 677--681 (2004)
121. Milnes, A.G., "Impurity and Defect Levels (Experimental) in Gallium Arsenide".
Advances in Electronincs and Electron Physics 61 63-160 (1983)
122. Pandian, V., Y.N. Mohapatra, and V. Kumar, "Silver- and Gold-Related Deep Levels in
Gallium Arsenide". Japanese Journal ofApplied Physics 30 2815-2818 (1991)
157
123. Gutkin, A.A., V.E. Sedov, and A.F. Tsatsulnikov, "Photoluminesence Associated with
Au-Ga centers in GaAs-Au". Soviet Physics Semiconductors - USSR 25 307-309 (1991)
124. Lang, D.V., R.A. Logan, and L.C. Kimerling, "Identification of the defect state
associated with a gallium vacancy in GaAs and AlxGal-xAs". Physical Review B 15
4874 (1977)
125. Loualiche, S., A. Nouailhat, and G. Guillot, "Study of E3 trap annealing in GaAs by
DDLTS technique". Solid State Communications 44 41-45 (1982)
126. Feenstra, R.M., J.M. Woodall, and G.D. Pettit, "Observation of Bulk Defects by
Scanning Tunneling Microscopy and Spectroscopy - Arsenic Antisite Defects in GaAs.".
Physical Review Letters 71 1176-1179 (1993)
127. Saxena, A.K., "Defect levels in n-type gallium arsenide and gallium aluminum arsenide
layers". Physica Status Solidi a-Applied Research 183 281-297 (2001)
128. Lang, D.V., "Deep-Level Transient Spectroscopy - New Method to Characterize Traps in
Semiconductors". Journal of Applied Physics 45 3023-3032 (1974)
129. Woodruff, J.H., J.B. Ratchford, I.A. Goldthorpe, P.C. McIntyre, and Chidsey, "Vertically
Oriented Germanium Nanowires Grown from Gold Colloids on Silicon Substrates and
Subsequent Gold Removal". Nano Letters 7 1637-1642 (2007)
130. Goldthorpe, I.A., A.F. Marshall, and P.C. McIntyre, "Inhibiting Strain-Induced Surface
Roughening: Dislocation-Free Ge/Si and Ge/SiGe Core Shell Nanowires". Nano Letters 9
3715-3719 (2009)
131. Putnam, M.C., M.A. Filler, B.M. Kayes, M.D. Kelzenberg, Y.B. Guan, N.S. Lewis, J.M.
Eiler, and H.A. Atwater, "Secondary Ion Mass Spectrometry of Vapor-Liquid-Solid
Grown, Au-Catalyzed, Si Wires". Nano Letters 8 3109-3113 (2008)
132. Perea, D.E., J.E. Allen, S.J. May, B.W. Wessels, D.N. Seidman, and L.J. Lauhon, "Three-
Dimensional Nanoscale Composition Mapping of Semiconductor Nanowires". Nano
Letters 6 181 -- 185 (2006)
133. Grundmann, M., Band Engineering v1.0. 2007.
134. Ren., S. and S. Gradecak, in preparation. 2010.
158
